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POWER 
TRANSFORMERS 


DENIS FERRANTI TRANSFORMERS 
INSTALLED AT CANADIAN ARSENAL 
VALCARTIER QUEBEC. 


The illustration shows 3 Denis Ferranti 69 kV single-phase 
60 cycle transformers forming a 10,000 kVA 3-phase bank 
supplied to the Eastern Electric Supply Co and installed at 


a Canadian Arsenal. Inset shows one of these transformers. 


TRANSFORMERS ARE BUILT IN ALL SIZES 
UP TO 30 MVA. 


DENIS FERRANTI CO. LTD. 


TEL: MAIn (OLDHAM) 6651 - ROYTON: OLDHAM: LANCASHIRE GRAMS’: “DEFERRANTI ROY TON” 
Sole distributors im Canada: Eastern Electrical Supply Co., 422 McGill St., Montreal. Lancaster 9148 
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A tropicalised version of the PYE UNIVERSAL pH METER & MILLIVOLTMETER 1s in full production. 


LOOK TO pH 


* for economies in the consumption of reagents. 

* as the key to new products. 

* as a means of controlling quality. 

* as the answer to effluent problems. 

* as the vital parameter in chemical and medical research. 


LOOK TO PYE FOR pH 


Pye offers a comprehensive advisory service and maintains facilities to carry out experimen- 
tal work on new pH problems. Please write to our pH department for details of our range. 


CIENTIFIC INSTRUMENTS 


Wa Gus PYE & €O,. LT DisieG RAN TAM WORK SigenGcaiMip Rue ENGLAND 
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One minute in the life of a tippler 


The side-discharge tippler was first introduced by 
Mitchells and machines of this type are still un- 
equalled in design and efficiency. They can handle 
all sizes, conditions, and types of wagon without 
adjustment of any kind, and at a greater speed than 
any other design. 

The load is discharged to the side of the track, clear 
of loading gauge, so that the coal can be grabbed or 
handled in any way without interfering with normal 
rail traffic. Side-discharge tipplers can deal with 
wagons up to 65 tons net load and smaller wagons 
can be unloaded at rates of up to 60 wagons an hour. 


MITC 


MITCHELL ENGINEERING LTD ONE BEDFORD SQUARE LONDON WCI 


For Collieries, Steel Works 


Mitchells have been installing tipplers for more than 
30 years at power stations, steel works, collieries— 
in fact anywhere where large loads of raw materials 
or fuel have to be handled quickly. Mitchells also 
specialize in wagon tippler hoists and locomotive 
coaling plant. 


Other Mitchell activities include wagon marshalling 
plant, complete power stations, mechanical handling 
plant and civil engineering work of all kinds, 
anywhere in the world. 


HELL 


Tel MUSEUM 5511 


The Mitchell Engineering Group Ltd - John M Henderson & Co Ltd - The Mitchell Construction Co - Mitchell Ropeways Ltd 


4172 
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Up to 1,600 Amps. Capacity 
A.S.T.A. TESTED at 400 Volts 


SS 
Up to 400 Amps.at 3,300 Volts 


. & C. SWITCHGEAR LTD. 


KIRKINTILLOCH GLASGOW 
LONDON OFFICE — 36 VICTORIA ST., S.W.I 


RANGE 


SHEFFIELD OFFICE — OLIVE GROVE. ROAD 
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CLOSED cipcyIT 


IR COOLERS 


Lengthy experience in practical design 


Wide variety of ducting and damper layouts 
Highly efficient cooling surfaces 
Heavy and robust construction 
Special attention to ease of access and maintenance 


(The names ‘Heenan’ and ‘Froude’ are registered trade marks of the Company) 
EENAN & FROUDE LIMITED 


© WORCESTER e ENGLAND 
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Ghecify DOULTON QUALITY 


Display of Royal Doulton 
Porcelain Insulators at the 
British Industries Fair. 


33 kV Transformer 
' Brushing. 


DOULTON & CO., LIMITED 


DOULTON HOUSE, ALBERT EMBANKMENT, LONDON, S.E. 


For three-quarters of a century Doulton & Cc 
Limited have been producing numerous types c 
Electrical Insulators. 


To-day the range has been extended to cover a sti 
more extensive field and, in their new model work 
at Tamworth, Doulton’s have ensured an efficienc 
in production methods which only modern equip 
ment and layout can provide. Here, experimenta 
research, purity and consistency of materials 
careful attention to design, and rigorous testin; 
combine to guarantee the highest electrical anc 
mechanical efficiency. 


Finest Modern Testing Facilities 


A large new Laboratory has just been erected 
adjoining the Tamworth production unit, to pro 
vide the most up to date and comprehensive testins 
facilities, thus enabling Doulton’s to offer ai 
outstanding technical service to all insulator users 
The equipment installed up to the present includes 
500 kV power frequency transformer, a million-vol] 
impulse generator, and torsion testing machinery, 
giving up to 30 tons tension at 500 kV anda torque 
of 100,000 in./Ibs with simultaneous tensile loading 
up to ten tons. 


10-in Disc Insulator. 


TYPES OF DOULTON INSULATORS AVAILABLE 


OVERHEAD LINE 
Disc, Pin, Strain and Shackle Insulators 
TRACTION 
Third Rail and Overhead Insulators 


SWITCHGEAR 


Le 6'DIA. 
B.S. Rating-50 Pin Insulator. 


Bushing and Post Insulators 
RADIO 
Mast Base, Rigging and Bushing Insulators 
CABLE 
Sealing End Insulators and Cleats 


For further particulars, write to Doulton & Co. Limited, 
Dept. HA, Doulton House, Albert Embankment, London, S.E.1i 


SY 
ia 


LS 


ANS 
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C3) Heavy Duty Post 
SIPC DIA: _JJ Insulator. 
4 HOLES %DIA.: 


Manufacturers of Electrical Porcelain Insulators 


a ROYAL 
Insulator Works:- WILNECOTE WORKS, TAMWORTH, STAFFS. [t n 
WOULTO 


Telephone: RELIANCE 1241 ° Telegrams: DOULTON, LONDON S.E.1 py & 


E4555 
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susuausassennusenscanennsens=;esccsseusuascensauanerossoes SOFT COPP ER WIRE 


M For power transmission overhead and underground and for 
BOLTON’S 


telephone cables and multiple circuit transmission where physical 
and electrical properties and tolerances are usually to exacting 

qvOMas 

BOLTON 


specifications. 


CADMIUM COPPER WIRE (Telephone Line Wire) 


As supplied to the British Post Office, Crown Agents for the 
Colonies, etc. 


TROLLEY WIRE 


H.C. Copper, Cadmium Copper and Bronze. 


who 


SOns v 


BARE H.C. COPPER 
AND COPPER ALLOY 
WIRE PRODUCTS 


BOLTON’S PATENT CELLULAR CONDUCTORS 


We construct conductors of overall | (a) 19 Tubular 
diameter sufficient to avoid corona Copper stranded 
effects, both light in weight and mechani- wie 18 Solid 

‘ : opper. 
cally strong. Constructions preferred LD slieax ayaralicintrerens 
the light of experience utilize solid over | 

| 

hollow copper, all oe 34 salt and (b) 37 Tubular 
solid copper over ho ow (Si/sertin)) stranded: 
bronze wires, but both solid and hollow | 1” overall diameter. 
cadmium-copper and also solid bronze 


Available on request—Bolton Publication wires can be incorporated to meet | (c) 19 Tubular 
No 121/R1,‘‘Wire—Copper, Brass and Bronze”’ particular requirements. Supplied on stranded. 
drums to customers’ requirements. 0.72” overall diameter. 


ITI ITI iiiiiiiiiiriiitiiiiiiiiiiii lite 4 
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A‘section of Bolton’s Copper Wire Mill, at Froghall, Nr. Stoke-on-Trent, 
showing Medium Fine Wire Drawing Machines. 


THOMAS BOLTON & SONS LTD. 


Est.abili-schied- 1.7.83 


HEAD OFFICE: MERSEY COPPER WORKS, WIDNES, LAN- 
CASHIRE. Telephone: Widnes 2022. Telegrams: ‘‘Rolls,. Widnes.’’ 
LONDON OFFICE AND EXPORT SALES DEPARTMENT: 168, 
Regent Street, W.1. Telephone: Regent 6427-8-9. Telegrams: 
“Wiredrawn, Piccy, London.”’ 


WORKS: LANCASHIRE: Widnes and St. Helens. STAFFORDSHIRE: Froghall and Oakamoor 


eee emer 
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n entirely new method 
of isolation 
Class ‘E’ Switchgear introducing ‘ISOLECTOR’ 


“ENGLISH ELECTRIC’ Class ‘E’ Switchgear, in- With this switchgear it is not necessary to withdraw 


corporating the ‘ Isolector’ mechanism, is expressly the breaker to isolate. Isolation is quickly and 
designed for power station auxiliaries control. simply achieved by the isolating bridge contacts. 
@ Internal isolation. The ‘Isolector’ mechanism simplifies busbar selec- 
@® Handsome, dust-protecting cubicles. tion in duplicate busbar units, which are available 
@ Excellent main and multi-core cabling facilities. in the same dimensions as single busbar units. 
An earthing switch forms an integral part of each Ratings: Breaking capacity — 150 MVA at 3.3 kV 
unit, and a mimic diagram provides unique visual Max. Service voltage — 3,300 volts 
circuit indication. Max. Current rating — 2,000 amps 


HOW THE ‘ISOLECTOR’ OPERATES 


The ‘Isolector’ mechanism is operated through an FIXED PORTION 
interlock gate, by a detachable lever, which through maid 


linkage slides the isolating bridges in and out of 


ISOLATING 


contact with the busbar and feeder connections. CABLE 
BRIDGE 


CONNECTION 


ant ha Ul 
ENGLISH ELECTRIC 
switchgear 


rHE ENGLISH ELECTRIC CoMPANY LIMITED, QUEENS HOUSE, KINGSWAY, [LON DION ine 


Switchgear Department, Liverpool 


WORKS : SrA TOR D “* PRES TON y RavsG BrxYyy * BRADFORD LUVERPOOL © AGCRINGTON 


GL.19C5 
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Propuction of many types and sizes of 
electric cables is the keynote of the service offered 
by members of the Cable Makers Association. 

It is not by the manufacture of only a few 
types of cable in popular demand that the 
C.M.A. members have been able to contribute 
so handsomely to home and overseas markets. 
Rather it is by producing a complete range 
including cables for specialised duties . . . and, 
most important of all, cables that fulfil the 
exacting demands of to-day. 

Technical advice concerning cables is freely 
available from members. 


MEMBERS OF THE C.M.A. 


British Insulated Callender’s Cables Ltd. 
Connollys (Blackley) Ltd - The Craigpark 
Electric Cable Co. Ltd - Crompton Parkinson 
Ltd - The Edison Swan Electric Co. Ltd - Enfield 
Cables Ltd - W.T. Glover & Co. Ltd - Greengate 
& Irwell Rubber Co. Ltd - W. T. Henley’s 
Telegraph Works Co. Ltd - Johnson & Phillips 
Ltd - The Liverpool Electric Cable Co. Ltd. 
Metropolitan Electric Cable & Construction Co. 
Ltd - Pirelli-General Cable Works Ltd. (The 
General Electric Co. Ltd.) - St. Helens Cable & 
Rubber Co. Ltd - Siemens Brothers & Co. Ltd. 
(Siemens Electric Lamps & Supplies Ltd.) 
Standard Telephones & Cables Ltd - The 
Telegraph Construction & Maintenance Co. Ltd. 


The Roman Warrior and the letters ‘‘C.M.A.” are 
British Registered Certification Trade Marks. 


ranges far 


(x) 


,, 


and wide ! 


CABLE MAKERS ASSOCIATION, 52-54 HIGH HOLBORN, LONDON, W.C.1 Telephone: Holborn 7638 


CMA/: 
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PERFECT 
PARTNERSHIP 


The appropriate L.S.E. motors with specially designed L.S.E. 
control gear have made possible entirely new manufacturing 
processes and have greatly improved existing machines and 


Top illustration: Central control desk for 
diffuser main motors and ancillary motors 
methods. in a British Sugar Corporation factory. 


i e perfect par tors and 
L.S.E. can provide th P P tnership of mo Lower illustration: N-S variable speed a.c. 


control gear for most industrial drives, simple or complex. motor driving a beet cutter. An auxiliary 5 
A particularly wide range of equipment is available for variable cycle supply from an N-S convertor pro- 

: ; vides very slow operation for the purpose 
or multi-speed drives, low speed drives, processing lines, etc. of replacing knives, etc. 


LAURENCE, SCOTT & ELECTROMOTORS LTD. 


NORWICH, MANCHESTER, LONDON & BRANCHES 
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Boiler fly-ash precipitators 
at Willington 


The latest power station of the 
British Electricity Authority to be 
equipped with Simon-Carves 
electro-precipitators is the new 
Willington ‘A’ station now under 
construction near Derby. The 
plant will include features of 
design which have already achieved 
new standards of performance in 
high-efficiency —_ electro-precipita- 
tion on boiler flue dust. 


TWIN GAS FLOW - MULTI-ZONE SERIES TREATMENT ~- HIGH-EFFICIENCY ELECTRODES | Boiler Contractors: 
RAPPING FREQUENCY CONTROL - AUTOMATIC OPTIMUM VOLTAGE CONTROL - AUTOMATIC | 
RECLOSING DEVICE - SHOCKPROOF STATIC H.T. SETS - EASILY OPERATED REMOTE CONTROL | fQouan”.G"pinecrs: 


Simon-Carves Ltd @2 


STCCKPORT, ENGLAND 
OVERSEAS COMPANIES | Simon-Carves (Africa) (Pty) Ltd: Johannesburg Simon-Carves (Australia) Pty Ltd: Botany, N.S.W. 


Eonault- 


DEWHURST & PARTNER LTD 


Designers and Makers of Automatic Starting Equipment 
for Motors of up to 500 h.p. and of the 


Associated Auxiliary Controls 


Grouped Motor Control Panels ~DUPA 
Air-break (A.C. & D.C.) Contactors 


Automatic Starters’ 


Continuous & Sequence Process 
Controllers - Remote Controls 


Electromagnetic Brakes 


Over thirty years’ service to the Industry. 


DEWHURST : doendability 


DEWHURST & PARTNER LTD - INVERNESS WORKS - HOUNSLOW . MIDDLESEX 
Telephone : HOUnslow 0083 (8 lines) Telegrams : Dewhurst, Hounslow 
Branches: BIRMINGHAM - GLASGOW : LEEDS - MANCHESTER - NEWCASTLE - NOTTINGHAM 
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Ne’re always 
exploding 
S alee 


AR ae . 
7 C t one 'S 
/ a ae 


) draw switchgear on paper and then produce it is not good enough for us. 

fore being passed on to the customer, every new design in Crompton Parkinson Switchgear 
tested to exploding point in our own testing station — one of the most modern in 

rope. C.P. Switchgear has become world-famous for its dependability; simply because it is 


ilt to withstand conditions far more arduous than it will experience in actual service. 


OWNERS 
OF AN APPROVED 


ASTA 


TESTING 
STATION 


(rompton Parkinson 


LiIMtiTED 


A good name for Switchgear 


STRICAL EQUIPMENT] CROMPTON PARKINSON LTD - CROMPTON HOUSE - ALDWYCH - LONDON - W.C.2 - TEL: CHANCERY 3333. 
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Yours FREE! 


BROCHURE ON THE NEW 
VARLEY PEAK VOLT METER 


Il MMM nn 


The measurements and appreciation of transient voltages 
have been a problem to designers for years. That they exist 
has been common knowledge, but the extent of their peak 
has been difficult to ascertain owing to the lack of a suitable 
instrument. 


Recent developments of Thyratron technique have made it 
possible to produce a compact and portable instrument so 
that the peak voltages can readily be determined either in 
the laboratory or in the field. 


The Varley Peak Volt Meter fills this need and is an essential 
piece of equipment for any electrical laboratory or test 
department. It is one of the very few instruments of its 
kind on the market, measuring transient voltages from 5 to 
35,000 volts to an accuracy of approximately 10%. 


PRICE £35 NET 
The Specialists in Electro-Magnets 


We also supply Transformers, Solenoids, Relays, Mercury 
Switches, Permanent Magnets and Heating Equipment. 


OLIVER PELL CONTROL LIMITED 


CAMBRIDGE ROW, WOOLWICH, 
S.E.18, ENGLAND 
TEL.: WOOLWICH 1422-6 


AW 


REGD. TRADE MARK 


y 


Please send me free of charge, details and specifications of the 
new Varley Peak Volt Meter. 


IEE 


‘ZENITH 


(REGD. TRADE-MARK) 


Automatic 


VOLTAGE REGULATORS 


with Electronic Control 


Essential for many purposes where 
a constant pre-determined — supply 
voltage is required, these Regulators 
are designed to give a controlled 
output voltage within 1% with 
input voltage 
variations up 
to plus or 
minus 10%. 
Manufactured 
for single- and 
three-phase 
loads from 5 
up to 23 kVA 
per phase. 


Illustrated 
brochure _free 
on request. 


The ZENITH ELECTRIC CO. 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN 
LONDON, N.W.2 
Telephone: WILlesden 6581-5 Telegrams : Voltaohm, Norphone, Londo 


MANUFACTURERS OF ELECTRICAL ENGINEERING PRODUCT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


Ltd 
GREE 


THE : 


PROFESSIONAL ENGINEERS 
APPOINTMENTS BUREAU 


Incorporated under Limited Guarantee, 1947 
Licensed annually by the London County Council 


9, Victoria Street, London, S.W.1 


The Bureau invites applications for registration for er- 
ployment from members who, by reason of their engineering 
qualifications, belong to The Institution of Civil Engineers, | 
The Institution of Mechanical Engineers, or The Institution 
of Electrical Engineers or persons whose engineering quali- 
fications for election or admission to one of those Bodies 
have been approved by the respective Councils. The 
necessary forms may be obtained on application to the 
Registrar of the Bureau; a stamped addressed foolscap | 
envelope should be enclosed. | 


Employers of Professional Engineers are invited to notify 
vacancies, and to assist the Bureau by furnishing the | 
following particulars: 


2. Age range. This should be made as wide as possible, and it should 


be noted that there are many experienced applicants in the upper 
age groups. 


3. Salary, and any supplementary remuneration. 


. Professional, technical and special qualifications such as foreign | 
languages. | 


S$: Location of work. Notifications of vacancies in the Dominions are 
especially welcome. 


6. Could a successful candidate be assisted in finding suitable living 
1 


1. Title of post with description of duties. | 
. 


> 


accommodation locally ? 


- Does the post involve the control of staff? If so, how many tech- 
nicians and/or other workers? 


8. Any other information which will assist in the selection of candidates. 


———————— ™—||}e .NAeN__u_},MHH 
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what 
1S 
the 


connection ? 


As the building drive 


increases in momentum, more and more 


houses take shape on the fringes of large towns and in the 


ountry. In every new home that rises, electricity is needed. 


'WCO Conductors provide the vital link 
tween the source of supply and the consumer. 
ll-Aluminium low tension (240-415 volts) 
rvice lines carry light and power to meet 
ery domestic requirement. Because of their 
shtness, strength and electrical efficiency, All- 
luminium Conductors facilitate handling, 


eed erection and reduce costs. 


Industry and people depend on electricity — 


electricity depends on Aluminium. 


ALUMINIUM WIRE & GABLE CO. LTD. 


Britain’s Largest Manufacturers of Aluminium Wire and Conductors 


Head Office & Works: PORT TENNANT, SWANSEA, GLAMORGAN 


Sales Office: 30 CHARLES II STREET, ST. JAMES’S SQUARE, LONDON, S.W.1. Telephone: TRAfalgar 6441 


@ 210/170 
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—Y Z/ Y e 
WE CE on working wa 


— not idling V.A.Rs. * 


“ 


Low Power Factor can waste a considerable proportion of the current you switch on— Z 
and pay for. Power Factor can be improved, and wastage of current and money ae 
2 


greatly reduced, by the installation of Wego Power Factor Correction he 


Capacitors. Let Wego survey your plant and submit a scheme eee 


showing the saving that can be effected—for you aa 


K Reactive Volt-amperes 


Wego Capacitors for P.F.C. 


WEGO CONDENSER CO. LTD. BIDEFORD AVENUE, PERIVALE, GREENFORD, MIDDLESEX. Phone: Perivale 4277 


The photograph shows T.T. porcelain 
Cap and Pin Insulators on one of the 
first 66 kV Overhead Lines to be 
erected in the British Isles—a line from 
Maentwrog to Wrexham which is still | 

aaa in use after a quarter of a century. 


‘Taylor Tunnicliff & Co. Ltd. will also 
———— supply the Insulators for the latest 
Se B.E.A. 275 kV Super Grid Line from | 
Iver via Weybridge to Melksham. | 
(Main Contractors: Balfour Beatty & 
Co., Ltd., London.) 


There’s no limit to the TIME . 
PORCELAIN will LAST 
and the best porcelain 


is made by Taylor Tunnicliff 


USE THE BEST PORCELAIN INSUL 
.~ AND AVOID. LIVE LINE TESTING 


TAYLOR] GUNNICEIFES & COnm ian: 
Head Office : EASTWOOD, HANLEY, STAFFS. 
Telephone : Stoke on Trent 25272-4 
London Office : 125 High Holborn, W.C.1- Telephone: Holborn 1951 
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Installed at 


Guinness’s 
Park Royal 


Brewery 


Brookhirst Control Gear was supplied to Arthur Guinness Son & Co. 
Ltd., for controlling the processing plant in their Park Royal Brewery. 
In the illustration are shown three motor starting panels for drives 


situated in the Brew House. 


As specialists with over fifty years’ experience, Brookhirst are almost 
invariably associated with notable installations. They are called upon 
to solve motor control problems in activities as diverse as the 
manufacture of household goods and the production of atomic energy. 
With a world-wide reputation for quality, reliability and service, 
Brookhirst control gear is the inevitable choice of all who specify the 


best as a matter of long-term economy. 


The services of Brookhirst Specialist Engineers are available to all 


concerned with the ordering, supplying and installing of control gear. 


ROOKHIRST 


OTOR CONTROL GEAR A METAL INDUSTRIES GROUP COMPANY 


BROOKHIRST SWITCHGEAR LIMITED CHESTER 
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FACTS ABOUT & 
ELECTRIC MOTORS [fF 


lan ECONOMICAL IN COST as 


STRONGLY BUILT Wewesibag til 


makes a stout outer 
frame. 


Pressure cast aluminium 
rotor, dynamically balanc- 
ed to give vibration free 
running 


FEET 


(==) ——————¢ 


agmps 


oS) 


Pressure assembled pack 
ensures a rigid stator 
winding. 


Accurately machined cast 
iron feet. Firmly fixed 
but easily detachable. 


Turbine 
Deotection 


55/5 


Water and solids are removed continu- 
ously from the turbine lubricating oil at 


Portsmouth Power Station by the specially 
designed De Laval Centrifugal Oil Puri- 
fying Equipments which operate at a very 


high and constant separating efficiency. 


All safety features and automatic anti- 


flooding devices are incorporated, and POWER 


continuous operation with the minimum 
attention is ensured. STATION 


EQUIPMENTS 


ALFA-LAVAL CO. LTD: GREAT WEST ROAD’: BRENTFORD : MIDDX 
» Telephone: EALing 0116 


Smee’s DL303 
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TELECOMM UNICATION 


UJ 


over the power- 
lines themselves! 


With G.E.C. Power-Line Carrier Equipment, 
single or multi-circuit communication 
effected by speech, telegraphy and remote 


supervisory control and indication over the 
power lines themselves. 


iS 


Connection between station carrier equip- 


ment and the power lines is effected by 
G.E.C. Broad-Band Coupling Equipment. 


Broad-band coupling equipment is available in seven 
standard assemblies that cover a carrier edad 
range of 82-600 kc/s. Line voltages up to 275 kv, and 
steady state line currents up to 1,600 amps, are 


catered for by variously-rated equipments, which 
also withstand heavy surge voltages. 


Type N system, operating in the frequency 
band 90-480 kc/s, provides up to eight 
duplex circuits over one route. Each of the 
eight gives a speech circuit (with telephone 
signalling), with facilities for transmitting 


up to six duplex telegraph channels simul- 
taneously. 


ZA 
Type P.A. system, operating in the 80- 
200 kc/s band, provides a single duplex 
communication circuit, which gives a 
speech circuit (with telephone signal- 
ling) and facilities for transmitting up to 


six duplex telegraph channels simul- 
taneously. 


1) 


N\\\\ 


WRITE FOR INFORMATION ON 
‘EVERY DETAIL OF POWER-LINE 
TELECOMMUNICATION TO: 


THE GENERAL ELECTRIC COMPANY LIMITED OF ENGLAND 
TELEPHONE, RADIO AND TELEVISION WORKS, 


COVENTRY, ENGLAND 
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LEE. 
KAN | 
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aa | 
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Sp ——] LD | 
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a 
y 


do you Ts 
choose? "7 


NANNY 
b- } 
| 

LC] 
| 


All are made 
to specification... 


There is one safe course ...use 
the cables which are not only 
made to specification but have 
had equal attention given to 
the unspecified details — in 
other words, choose... 


Uberdare Cables 


Paper insulated cables up to 
33kV to BSS or other well-known specifications. 


ABERDARE CABLES LIMITED 
ABERDARE * GLAMORGAN + SOUTH WALES 
London Office: NINETEEN WOBURN PLACE, W.C.1. 


CHAMBERLAIN & HOOKHAM 
TYPE P 


PROCESS TIMERS 


FOR ACCURATE AND 
AUTOMATIC PROCESS CONTROL 
% Scale ranges from 0-10 secs. up to 

24 hours. 
%& Settings down to 1/10 sec. 
te Accuracy within 0-25 % of full scale 
* 


range. 
Available as single units for self- 
mounting or as complete control 
panels. 

Any operation requiring time con- 
trol by electrical means can be 
regulated by this instrument. 


* 


CHAMBERLAIN, & HOOKHAM LTD. 
BIRMINGHAM 


TYPE P PROCESS TIMER 
CAT. SECTION 11300 


Associated Company: ABERDARE CABLES AFRICA LTD. 


“4 


. Authority. at al 
_ leading Transformer, 


Condenser and Switch- 


THAMES ROAD, CRAYFORD, KENT. 


Telephone: Bexleyheath 2000 (5 lines) 
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120 MVA TRANSFORMERS 


for the 


275 kV 
British Supergrid 


The first of ten BTH trans- 
formers for the BEA supergrid 
was transported to site early in 
1953, and was officially com- 
missioned in July of that year. 


STAYTHORPE NO: 


eee 


This transformer is now on Site, 
READY FOR having passed satisfactorily all 
SERVICE specified tests including :-— 


Heat run at full-load losses. 
Induced voltage tests at 460 kV 
to earth and 550 kV between 
phases. 

Impulse tests on275kV windings 
at 1050 kV. 

Impulse tests on 132k V windings 


at 550 kV. STAYTHORPE NO: 2 


The two transformers for West 

Melton Substation are now IN 

under construction at Rugby. PRODUCTION 
No. 1] has its core and windings 
assembled, while the core of 
No. 2 has been laid down. 


4WEST MELTON NO: 2 


BRITISH THOMSON-HOUSTON 


THE BRITISH THOMSON-HOUSTON COMPANY LIMITED - RUGBY + ENGLAND 
Member of the AE! group of companies A4817 
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SPIRAL TUBE 


Heaters 4 Coolers FOR THE 


ELECTRICAL ENGINEERING 


Spiral Tube Air 


Blast Transformer 
Oil Coolers to | N D U S 1 R Y 
dissipate 160 kw. 


The result of 50 years’ specialised experience, SPIRAL TUBE 
Coolers are soundly engineered and robustly constructed for long 
trouble-free service. Whilst standardisation of design is almost 
impossible in many in-built units, the Company has, by the 
extensive use of fabrication, ensured great flexibility of design to 
meet all requirements, and yet to offer rational designs at low cost. 
The range extends from cooling coils weighing a few pounds up 
to multiple section installations weighing several tons. 


Write NOW for fully illustrated literature. 


Water cooled 
Cooling Coil for 
Transformer. 


THE SPIRAL TUBE & COMPONENTS CO. LTD., OSMASTON PARK ROAD, DERG 
Tel: DERBY 48761 (3 lines) Telegrams: SPIRAL DERBY 48761 
Head Office : Honeypot Lane, Stanmore, Middlesex. Tel: Edgware 4658. 


Gl4 


A Monmouthshire colliery sub-station 
equipped with S:W.S. 33,000-volt, 500- 


M.V.A. outdoor oil circuit breakers. 


CERTIFIED TEST PERFORMANCE 


coe 
Lal} p ) 
re 


SOUTH WALES SWITCHGEAR LIMITED BLACKWOOD * MONMOUTHSHIRE 
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VY BAK is 
what you want it to be 


It is a finished sheet material you can form, machine or 
weld —or a compound you can economically mould or 
extrude in an infinite number of shapes and sizes... Do 
you want it flexible—or rigid ? VyBaxk is either. Coloured or 
transparent? VyBAK gives you the choice. Perhaps you 
want toughness, strength, electrical properties, dimensional 
stability, exceptional resistance to chemicals... ? WyBak offers 
all these and more. For so many jobs large and small no 
sooner is a question asked than an answer is found in— 


The main properties of VYBAK p.v.¢. 
materials include strength, good electrical 
characteristics, and resistance to water, 


chemicals, flexing and ageing. They are sy A 
supplied as : eee : SB 


Ls oe ® Moulding or extrusion compounds — rigid 
DE gee and flexible; coloured and clear 


» REGD. “TRADE MARK 


Plastics 


@ @ Pressed or calendered sheet for machining 
‘ee or forming. Rigid and flexible; coloured, 
transparent or translucent grades The most obliging of materials 
| | | @ Polymer and copolymer resins 
BAKELITE LIMITED 


12-18 GROSVENOR GARDENS - LONDON : S.W.1 + TELEPHONE: SLOane 0898 
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2 The latest developments in 

E Cone y b M2 8 aba permanent magnet materials and 
ate he techniques can effect remarkable 
economies, provided they are 


design stage °e ¢ ¢ introduced at the design stage. 


LOUD SPEAKER 
~ =Sstéi‘<MNGNET 
ee ECLIPSE 


Send for Publication 
P.M.131/51 “Design and 
Application of Modern 
Permanent Magnets” 


7PERMANENT 
MAGNETS 


Made by the makers of 
“Eclipse” Permanent Magnet Chucks 


JAMEPESANEILL & CO. (SHEFF MEt One Oe 
STHSE ESE TE A Ott ENGLAND 


ML 


WRITE FOR BOOKLET ON THIS SUBJECT 


__ WT.GLOVER 


FULLER ELECTRICAL. & MANFG. CO. -LTD. 


Associated with ASEA Electric Ltd. 
FULBOURNE ROAD; WALTHAMSTOW; LONDON, - £.17 


Also at :- Birmingham, Glasgow, Manchester,. Dublin a 


€CO.LTD. 
EC-M-A: Souae maar 
MANCHESTER 17 


'D PARK (2141 


CAPACITOR CONTROL RELAY 


(TYPE WR) 


This relay provides automatic power — 
factor correction when used with suitable 
‘Capacitors, © —rr—“‘“_———C—S—C—C—C—~FET 


® Independently adjustable “ lead” and 
_ “Tag” settings over a wide range. _ 
® Self-contained auxiliary element with 
substantial contacts to operate the 
heavy duty capacitor contactor, 
® Selector switch to give automatic 
or manual control as required. 
t CONTROL 
LAY 


- Installatio: of capacitors and contactors controlled 


FERRANTI 


FERRANTI LTD - MOSTON - MANCHESTER 10 
London Office : KERN HOUSE, 36 KINGSWAY, W.C.2. 


ELECTRIC CLOCKS ALWAYS RIGHT ON TIME 


FI 137 
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HEAVISIDE 


CENTENARY VOLUME 


te ———_——___- 


> 


Oliver Heaviside, one of the most remarkable geniuses of his time, was born on the 
18th May, 1850. Engineer, physicist and mathematician, he wrote with penetration on 
electromagnetic theory, fashioned a powerful calculus, made far-reaching suggestions 
about telephone lines, the ionosphere, electrical units and terminology, and in his later 
life probed into fundamental physics with a perspicacity surpassed by few modern 


scientists. 


The commemorative meeting of The Institution to mark the centenary of his birth 
paid tribute to all aspects of this great British scientist, showed in its true perspective the 
background of eccentricity and ill-health against which he worked, and included the 
results of much careful research into his unpublished notes containing many new and 
important mathematical theorems. 


The authoritative papers which were read and the tributes paid by a number of 
eminent scientists have been published in the “Heaviside Centenary Volume”—a work 
that is a standard reference for all who are interested in the physical sciences. 


———————_———. |] —— 


Price to Members 4s. od. Price to Non-Members tos. od. 


Applications, with remittance, should be addressed to 


THE SECRETARY 
THE INSTITUTION OF ELECTRICAL ENGINEERS 
SAVOY PLACE 


Lonpon, W.C.2 
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Z 2 
BABCOCK (il 


CARRINGTON POWER STATION 


B.E.A. NORTH WESTERN DIVISION 


The Babcock boilers at the new 240 MW. 
Carrington power station are Radiant 
units, each with anevaporation of 360,000 
lb./hr. at 940 Ib./sq. in. and 920°F., and 
fired with pulverized coal by means of 
eight horizontal intertube burners. 

The contract includes all the coal pulver- 
zing plant, comprising 28 Babcock 


ype E mills to feed seven boilers. 


1 


| 


Ash, collected in the ‘A’ type water-filled 
hoppers is discharged to sump by the 
‘“‘*Hydrojet”’ system, being pumped to 
settling ponds by “‘Hydroseal”’ ash pumps. 
Dust is extracted from the precipitator 
and air-heater hoppers by the ‘“‘Hydrovac” 
system. All this is Babcock equipment, 
widely used in both power station and 


industrial installations. 


Babcock & Wilcox, the world’s largest manufacturers of steam-raising plant, offer 
to steam users large or small a comprehensive, world-wide service embracing 
everything for steam generation from fuel handling to ash and dust disposal. 


SABCOCK & WILCOX LTD. 


BABCOCK HOUSE, 


FARRINGDON STREET, 


LONDON, E.C.4. 
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ee 


LONGEST SCALE—SMALLEST SPACE 


This compact, robust Meter is flush or projecting ; 
mounting and is ideal for use in restricted space. 


SCALE LENGTH: 9" 
Current Ranges: Up to 10,000 amps. a.c. or d.c. 
Voltage Ranges: Up to 1,000 volts a.c or d.c. 


The meter with the 


dead beat movement 


The meter measures only 5” across and the or knife-edge pointer and special scales can 
depth behind the panel is only 2” yet it retains be supplied to customer’s specification if iss THU 
a scale length of 9”. It is available with spade required. Send for prices and full details. INDUSTRIES 


EXHIBITION 


AB ORATORIES ZA in 


BRITISH PHYSICALE 


Radlett, Herts. Tel: Radlett 5674/5/6 
BOND ONS ST OGKIS Te IM. Rie Ssh EES, ia D. 6.8. NE Wey OXHOR D “SERE EDS VWiGer 


INSTITUTIONWOF ELECTRICAL ENGINEERS 


ABRIDGED 
WIRING REGULATIONS 


The Institution now publishes an abridged version of the 
Regulations for the Electrical Equipment of Buildings—commonly 
known as the LE.E. Wiring Regulations. 


This pocket-size version, which does not alter the force of the full 
Regulations, is concerned only with single-phase domestic installations 
and is intended as a convenient means of reference for use on site. 
Copies of the Abridged Regulations, price 2s. 6d. (post free), 

may be obtained from 


THE INSTITUTION OF ELECTRICAL ENGINEERS 
SAVOY PLACE 
LONDON W.C.2 


A, LL OLE LODO IE LEON PE. 
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00 a 


250/500 volts D.C. 


il 


hs 


ewittic. Ke . ti; as | 


handle any capacity 


‘his record size installation of Hewittic rectifiers provides a con- 
inuous D.C. output for a large electro chemical plant. The same 
kill and attention to detail is devoted to the manufacture of all 
ypes of Hewittic rectifiers, and this equipment—by far the largest 
lass bulb rectifier installation in the world—serves to emphasise the 
upreme reliability and high efficiency of the Hewittic rectifier and 
ts complete suitability for handling any capacity that may be required. 


he photographs on the right show, top, one of the banks of Hewittic 
ectifiers depicted above and, bottom, a view from the secondary 
ide of one of the main transformers for this installation. 


VER EF. MILLION KW. IN WORLD-WIDE 
SERVICE 


HACKBRIDGE AND HEWITTIC ELECTRIC CO., LIMITED 
: WALTON-ON-THAMES - SURREY - ENGLAND © 


’ 


Telephone : Walton-on-Thames 760 (8 lines) | Telegram wt" Electric Walton-on-Thames’ 


»VERSEAS REPRESENTATIVES: ARGENTINA: H. A. Roberts & Cia., S.R.L., Buenos Aires. AUSTRALIA: Hackbridge and Hewittic Electric Co., Ltd., Sydney. 
ELGIUM & LUXEMBOURG: M. Dorfman, 124 Avenue des Cerisiers, Woluwé 1, Brussels. BRAZIL: Oscar G. Mors, Caixa Postal 1280, Sao Paulo. CANADA: The 
orthern Electric Co., Ltd., Montreal. CHILE: Ingenieria Electrica S.A.C., Santiago. EAST AFRICA: Gerald Hoe & Co., Private Bag, Nairobi. EGYPT: Giacomo 
ohenca Fils, S.A.E., Cairo. FINLAND: Sahk6-ja Koneliike O.Y. Hermes, P. Esplanaadikatu 37, Helsinki. HOLLAND: J. Kater E.l., Ouderkerk a.d. Amstel, Amsteldijk 
coord 103c. INDIA: Steam & Mining Equipment (India), Ltd., Calcutta: Easun Engineering Co., Ltd., Madras, 1. IRAQ: J. P. Bahoshy Bros., Baghdad. MALAYA, 
NGAPORE & BORNEO: Harper, Gilfillan & Co., Ltd., Kuala Lumpur. NEW ZEALAND: Richardson, McCabe & Co., Ltd,, Wellington, etc. PAKISTAN: James Finlay & 
o., Ltd., Karachi. SOUTH AFRICA: Fraser & Chalmers (S.A.) (Pty.), Ltd., Johannesburg. SOUTHERN RHODESIA: Fraser & Chalmers (S.A.) (Pty.), Ltd., Salisbury, etc. 
RINIDAD & TOBAGO: Thomas Peake & Co., Port of Spain. TURKEY: Dr. H. Salim Oker, 43 Posts Caddesi, Ankara, URUGUAY: H. A. Roberts & Cia., $.A.U., Monte- 
deo. U.S.A.: Electro Machinery Corporation, 50 Broad Street, New York, 4. 


I.E.E. PROCEEDINGS, PART A—ADVERTISEMENTS (ExxxD) 


CONDUIT & FITTINGS SUPPLIED BY 


‘ @® COMPANY 


It may be a School, it may be a 
Factory, a Power Station or 
a Housing Estate, but more often 


than not the electrical 
specification will bR—METALLIC. 


This Yorkshire mill is 

no exception, being fitted 
throughout with METALLIC 
Conduit and Fittings—unequalled 


for quality and consistent accuracy. 


Denholme Mill Nr. Keighley THE METALLIC SEAMLESS TUBE CO. LTD. 


Photo by Courtesy of W. and H. Foster Ltd. 
Electrical Contractors: A. S. Farrar & Co., Bradford LUDGATE HILL x ag ML BES E 7 % 


ALSO AT LONDON +: NEWCASTLE-ON-TYNE - LEEDS - SWANSEA & GLASGOW 


RECORD 
GRAPHIC RECORDING 
INSTRUMENTS | 


are unable to follow current 
variations with the speed of the 
electron beam. Nevertheless, we 
are proud to claim that they are 
the fastest and most sensitive 
direct writing Recorders avail- 
able today. 


THE 


RECORD ELECTRICAL 


COMPANY LIMITED 


“CIRSCALE WORKS” 
BROADHEATH - ALTRINCHAM 
CHESHIRE | 


Micro, Milli-Ammeters, 
Milli-Voltmeters, Wattmeters, 
Frequency Meters, Tachometers, etc. 


€ 4590-2 


Send for folder J/a 
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BRENTFORD 


or greater safety 
nd reliability... 


RENTFORD TRANSFORMERS LTD., 
inounce anew range of dry (oil-less) 
ansformers using glass, ceramics 
id other similar inorganic materials 
npregnated with silicone resins. 


This latest development in transformers 
offers greatest ever safety for:— 


ss 


Atomic Energy Establishments — Chemical Works — 


Oil Refineries — Explosives Factories — Blocks of Flats 


— Schools — Passenger Vessels — Tankers — Coal 
Mines — Radio, Radar and Television Stations — 


Underground Railways. 


RENTFORD GREEN SEAL 
SAFETY TRANSFORMERS 


offer all these advantages:— 


a 


= 


Safest transformers ever developed 


No fire or explosion hazard 
Two types are available in 


Carry the lowest fire insurance rates . 
a range of sizes 


Least affected by water 


Sur aac 


Exceptionally high overload capacities ; Voltage 


os 


(Ventilated) 


contaminated areas || |7 Class GNH 
3 (Sealed in Up to 2,000 Up to I5kV 
Nitrogen) 


Minimum maintenance — even in highly eB Clase ANE Up to 3,000 Up to I5 kV 


SSS 


IND FOR FULLY DESCRIPTIVE 
BROCHURE 


RENTFORD TRANSFORMERS LIMITED 


brooke Park Road ~ Kidbrooke - London -_ S.E.3. Telephone: LEE GREEN 1006/7/8 
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THE INSTITUTION OF ELE GpRre ee ENGINEERS 
Founded 1871 Royal Charter 1921 


i 


Ten Year Index 


an indispensable guide to the four parts of 


The Proceedings 


VERY decade since the earliest days of The Institution, the annual indexes have been 
collated and reproduced in a convenient form to give a synoptic view of the developments 
of electrical engineering in all its branches over a substantial period. 


The need for such a compendium became greater than ever in 1941, when the Journal— 
the forerunner of the Proceedings—was divided into three Parts: Part I—General, Part II— 
Power Engineering, and Part IIJ—Radio and Communication Engineering, each with its 
separate annual indexes. More recently there has been a further division, bringing in its 
train yet another set of annual indexes: Institution Monographs are first published separately 
and then collected together, irrespective of their subject-matter, to form Part IV of the 
Proceedings. 


The Ten Year Index which has just been published covers the years 1942-51 and therefore 
embraces, not only the regular issues of the four Parts, but also the special issues—with their ~ 
separate indexes—of Parts IA, IIA, and IIIA in which the papers presented at various | 
important conventions were published. 


Like the annual indexes which are its foundation, the Ten Year Index-has an entry for 
every author in a group of joint authors, for every speaker in a discussion, and for every 
key-word in the title of a paper. The Ten Year Index, in addition, has an extremely useful 
feature which would be inappropriate in an annual index: titles of papers are collected 
together under 40 broad subject-headings, thus forming small bibliographies on all the topics 
which are of interest to electrical engineers. 


+a or eH“ 


The Ten Year Index measures 84 x 54 in, and contains 500 pages and 17 000 entries. 


The price to the public is £1 Ss. (post free); and to members of The Institution, £1 
(post free). 


order your copy now 


FROM THE SECRETARY 
THE INSTITUTION OF ELECTRICAL ENGINEERS, SAVOY PLACE, LONDON, W.C.2 


% 
z 
z 
ig 
q 
3 


Power-station corridor-type control-board 
for generators, transformers, and feeders, 
with generator control-desk and control- 


engineer’s logging-desk in the foreground 
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specialists 
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DEPENDABILITY 


For Indoor or Outdoor service, anywhere 


“*Y”’ Unit-to-Unit, medium voltage Motor Starter Board embracing Bus run, Isolators, 
Back-up-Fuses, Contactor Starters and Stop-Start Push Buttons. Fully interlocked. 


ELECTRO MECHANICAL MANFG. CO.,LTD. 


Tel: Scarborough 2715/6 SCARBOROUGH, YORKS Grems: EMMCO. SCARSOROUGH 


London Office and Showroom: Grand Buildings, Trafalgar Square, W.C.2. Phone: Whitehall 3530 
Associated with YORKSHIRE SWITCHGEAR AND ENG. CO. LTD. LEEDS & LONDON 


IVIO SWITCHGEAR 11 kV 
(Outdoor Substation) 


Photographed after 4 years’ 
service in the Home Counties. 


Transformer and Feeder units 
with relay, telephone and battery 
cabinets at rear. 


‘Plug-in’? Load M/B or Fault Make oil 
switches, or automatic Fuse units can be 
supplied interchangeable with o.c.b. units, 
Write for Catalogue MC/6 


(Available for indoor use.) 


YORKSHIRE 
SWITCHGEAR 


& ENG. CO. LTD 
LEEDS - LONDON 


ASSOCIATED WITH ELECTRO MECHANICAL MFG. CO., LTD., SCARBOROUGH 
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A Special Issue of the 


Proceedings 


devoted to a Symposium on 


INSULATING MATERIALS 


The march of progress in the widespread application of ever-increasing 
voltages and frequencies has demanded equal advances in the technique of 
insulation, so that the growing power of electrical forces shall be constrained in 


safety. 


Consequently, it is not surprising that the last decade has brought forth a 


wealth of new materials, new methods, new concepts and new applications 


of old ideas. 


The Institution has now published a special issue of the ‘Proceedings 
-- devoted to insulating materials; it contains new information of fundamental 
importance contributed by representatives of manufacturers, research labora- 


tories and users. 


Applications for this issue, which is designated Proceedings of The Institution, 
Part IIA No. 3, should be made to: 


THE=SEGRETARY 
THE INSTITUTION OF ELECTRICAL ENGINEERS 


SAVOY PLACE LONDON W.C2 


Price to members Price to non-members 


£0750 £210 0 
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FARTH LEAKAGE CIRCUIT BREAKER 
ISAMPS 250 VOLTS ae 


SIEMENS “SAFETRIP? 


There is already a flourishing demand 

for this robust and inexpensive addition to the 
Siemens range of Earth Leakage protection deviccs. 
The ‘ Safetrip’ is for use on sub-circuits controlling 
apparatus consuming up to 3 k.w. It is available for 
flush or surface mounting, with or without socket outlc: 
and conforms to the relevant B.S.S. The many design 
features of the ‘ Safetrip’ contribute to reliability in 
service, compactness and ease of maintenance. 
Complete protection of the switch 

mechanism is by a single-screw-fixing bakelite cover. 


SPECIFICATION: CAT. NO. EL/S (Incorporating 13 amp socket outlet) 
CAT. NO. EL 15 (as above but without socket outlet) 


Cat. No. | Description eee @ | Cat. No. |.Description a 
EIS 15 Excluding box 32/3 EL.15/S | Excluding box 37/- 
[EIS With bakelite box EL 15/S_ | With bakelite box 

_| BSB for surface mounting | 35/7 BSB for surface mounting | 40/4 

Bers With steel box | EL 15/S_ | With steel box 

SSB for flush mounting | 35/11 SSB for flush mounting 40/8 


For full technical details write for leaflet No. 73 


SIEMENS ELECTRIC LAMPS & SUPPLIES LIMITED 
38-39 UPPER THAMES STREET, LONDON, E.C.4 
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J. & P. 


| ALUMINIUM 
SHEATHED 


| V.1.R. CABLE 
REALLY “tS 


a . . the cable with a 


conduit sheath 


The lightness and strength of the aluminium sheath enables it 
to play the part of conduit in providing protection from 
mechanical damage and in reducing the need for supporting 
structures. But unlike conduit, J. & P. Aluminium Sheathed 
V.I.R. Cable 


@ requires no cutting and screwing of threads, 
@ eliminates the drawing-in of cable, 


@ completely avoids condensation troubles. 


J. & P. Aluminium Sheathed V.I.R. Wiring and Control 

Cables afford a neat and pleasing appearance with economy of 

space, and are being widely specified for B.E.A. and other 

generating stations, oil refineries, steel works and other major 

industrial projects. Full details are given in Publication CD 

31 which will be sent to interested engineers on request. 
British Patent Nos. 627815 & 627793 


JOHNSON & PHILLIPS LTD. 


CHARLTON : LONDON S.E.7 


ELECTRICAL ENGINEERS AND CABLE MAKERS 
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AMMETERS. FREQUE 
VOLTMETERS METERS. 
(dial sizes 2” to 8”) GAS AND 
Operated 
SHUNTS up to for Transfe 


Protection. 


SPECIAL 

INSTR 
and Test | 
to customers’ 
requirements, 


10,000 Amperes. 


TRANSDUCTORS 
for measurement 
of heavy direct 
currents up to 
15,000 Amperes. 


BRADFORD-ON-AVON, 
WILTS. 
Tel: Bradford-on-Avon 2378 


: London Office: 147 Strand 
: London,W.C.2 Tel:Tem. 3357 


: chester 4. Tel: Blackfriars 


TRANSFORMER AND SWITCH OILS 


Complete Drying and Purification giving Maximum 
Breakdown Voltage in one simple operation. 
No heating. No fire risk. Weatherproof. Fully 
mobile units. Used by leading Electricity 4 

Undertakings throughout the World. 


Capacities from 20 gallons 
to 1,000 gallons per hour 


JETAFILTRATION 


THE METAFILTRATION COMPANY LTD. 
BELGRAVE Rd., HOUNSLOW, MIDDLESEX 
PHONE: HOUNSLOW 1121 /2/3 
GRAMS: METAFILTER, HOUNSLOW 
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pus 2" SWITCHCRAFT 


provide the answers 


V3 SWITCHETTE 


The neck switch with cover re- We are indebted to the Director of the 
moved to show how the Burgess Grassland Research Institute, Hurley, Nr 
Micro Switchette is operated by Maidenhead, Berks., for permission to give 
the elliptical actuator when the publicity to this valuable work for agriculture 


head is bent forwards. and the nation. 


BURGESS MICRO SWITCHES AID GRASSLAND RESEARCH 


Pe 


To obtain data on bovine reaction to various types of grazing, the Grassland Research Institute 
at Hurley have designed and produced ingenious automatic recording equipment which is 
harnessed to grazing bullocks in the manner illustrated above. Certain tell-tale movements of the 
animals are carefully recorded to provide precise data with which to build up complete diarie of 
the day-to-day happenings in their lives. 

Burgess Micro Switchettes play important roles in this scientific investigation, three being em- 
ployed in each harness. One Micro Switchette is operated by cam action from the elliptical 
actuator resting on the bullock’s neck, the switch operating when the head is bent downwards 
during grazing. Two more Micro Switchettes are built into small pressure-plate switches situated 
in the lower portion of the belly band and operate when the animal lies down. All three Micro 
Switchettes are wired to recording gear carried on the bullock’s back. 

This application exemplifies in a striking way the versatility and complete reliability of Burgess 
Micro Switches which are being used with equal confidence in scientific research and in industry. 
No matter if you have no bullocks in your factory, there are switches in our range which will give 
you long, trouble-free and accurate performance. Catalogue No. 50 provides all the (fat) stock 


prices. 


TYPE V3 BURGESS 
MICRO SWITCHETTE. 
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MICRO SWITCHES 


dill Dy iddddiay 
iat CANAWAY, R. J, RAYMOND 

Z j y AE 
44, TZ , ama eae, a * W. a and rT A vr u R, 7. C. Th : 
Industry’s Automatic Choice automatic recording of animal be- 

a haviour in the field. 

BURGESS PRODUCTS COMPANY LTD., Micro Switch Division, Dukes Way, Team Valley, Gateshead, 11. Pista Pit bape ae  ibriioe) 
Telegrams: Micro, Gateshead, 11. Telephone: Low Fell 75322 (3 lines). @ 
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Isotape Electric Heating Tape 


Thousands of these flexible, fully insulated 
units, are in daily use maintaining pipelines at 


elevated temperatures—up to 400°C (750°F), 


heating columns, valves and vessels. They 


ensure afree flow of viscous materials such 
as fuel oil, chemicals, food products, chocolate, 
etc. Standard sizes: 1, 2, 3 and 4 inch widths, 
from 3 ft. up to 70 ft. lengths. Also water- 
proof type ITO, up to 80°C, and type ITW 
up to 220°C. All Isotapes are guaranteed 


for 12 months. 


One of the many Surface Heaters described 
in our Catalogues which we shall gladly send on request. 


Our Design Department is at your service for solving special 
problems—let us have your particular one. 


Tsopard Ltd. 283208 es lonion NW, 


o> —_——-—_ 


SkVA AUTOMATIC VOLTAGE REGULATOR 


HE AUTOMATIC VOLTAGE REGULATOR TYPE P.857 

provides a constant output voltage with varying load current 

and mains voltage. The operation of the instrument is independent 

of normal variations in frequency, load and load power factor. 

The equipment is contained in a robust dust-proof case and it may 

be bolted to the floor or wall, or mounted, forward or recessed, on 
a standard 19-inch rack. 


® Stabilised A.C. Output The Stabilised A.C. Output Volt- 


Voltage: age may be adjusted to any value 
between 210 and 240 volts. 


* Accuracy of Stabilisation: The Output Voltage is con- 
trolled within + 1%. 


Input Voltage Variation: The output remains constant 
over an input range of 50 volts. 


* Maximum Continuous 22 amps. 
Load Current: 
* Control: Either Automatic, Manual, or 
from an external D.C. source. 
° External Automatic The control voltage may be either 
Control: positive or negative relative to 


earth. The control current re- 
quired is approximately 1-5 mA. 


Full details of this or any other Airmec equipment will be forwarded gladly upon request. 


ATRM EC HIGH WYCOMBE BUCKINGHAMSHIRE ENGLAND 
DS clin) © @ilae Gees We es 6 Telephone: High Wycombe 2060. Cables: Airmec, High Wycombe 
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Full electric power 
is brought. into 
action safely and 
automatically by 
Igranic Inductive 
Time Limit Control 


Panels. This unique 
time limit method 
of acceleration 


output with com-. 
plete protection. 


INDUCTIVE TIME LIMI 
MOTOR GONTROL 
FOR STEEL MILLS 


IGRANIC ELECTRIC CO LTD HEAD OFFICE & WORKS BEDFORD 
Export Department: Victoria Station House 1/91 Victoria Street London SWI 


Cablegrams: “Igranic London” 


DISTRICT OFFICES : LONDON + BIRMINGHAM - BRISTOL - CARDIFF» EAST ANGLIA + GLASGOW + LEEDS » MANCHESTER » NEWCASTLE + SHEFFIELD 
_ A METAL INDUSTRIES GROUP COMPANY 


IG2/2/P426 
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MOTORS 


WALTER F. HIGGS M.LE.E. 


TRADE 


IGGS 


CHAIRMAN 


MARK 


BIRMINGHAM 6 ENGLAND 


SELF-REGULATING A.C. GENERATORS | 


Single and Three Phase 
from 
1 to 10 kVA 


GUARANTEED FOR EVER 
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Why Capacitors? 


You pay less for electricity 


when the installation has a good power factor. 


Induction motors, welding equipment and many other forms of electrical 
plant operate at a poor power factor. 


The electricity Boards take this into account when drawing up industrial 
tariffs and impose a penalty for low power factor. 


By installing BRYCE capacitors electricity charges can be reduced and 
the cost of the equipment recovered in approximately 12 to 18 months. 


Our engineers will undertake the necessary tests to ascertain if this 
saving can also be yours. This service is offered without charge or 
obligation. 


CAPACITORS 


have the following 
features:— 


1 They need negligible main- 
tenance. 


2 They occupy minimum floor 
space. 


3 They can be supplied with 
individual contactor panels 
as illustrated. 


4 Unit type capacitors can be 
supplied for individual motor 
correction. 


Bryce are one of the largest British manufacturers 
of power capacitors. 


RRR 


—_— A 
We also build all types of Power Transformers. 


BRYCE ELECTRIC CONSTRUCTION COMPANY LTD. 
KELVIN WORKS e HACKBRIDGE ¢ SURREY 


WALLINGTON 2601-4 
In association with HACKBRIDGE CABLE COMPANY LTD. 


® For ratings up to and including 250 MVA : 
Gite SLL IW 


Outgoing feeder controlled by a standard 
metalclad oil circuit breaker. 


ma) Fault-making oil Switches, 


® Simple, robust and comprehensive system 
of interlocking. 


© Available in ext 


ensible and non-extensible 
.form. 


THE GENERAL ELECTRIC Cor hp 


- MAGNET HOUSE, KINGSWAY, 
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The smallest 
panel-mounting 
contactor on the market 


STRAIGHT-THROUGH WIRING 


0% saving in weight and size. 
5 /o 8 8 This is a completely new, built-in, 
Complies with B.S.S. for breaking capacity. advanced wiring design. Installa- 
P 775 i y tion time is greatly reduced and 
‘Coils and contacts changed in a matter of seconds. tae jdenunCation isecasy sand 
positive. ‘ 


Exceptionally low wattage consumption. C.S.A. approved. 


Conforms with American N.E.M.A. specification. 


Comprehensive spares facilities in U.S.A. and Canada. 


Three sizes — 30, 50 and 100 amps. at 550 volts A/C rating. 


D/C ratings on request. 


SEND FOR NEW CATALOGUE MS.9 


ARROW ELECTRIC SWITCHES LTD - HANGER LANE - LONDON - W.5 
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sprcemsivninieienttes 


|} LODGE-COTTRELL 


electrostatic 
precipitators 
at Upper Boat 
power 


station 


On No. 8a Boiler Lodge-Cottrell 
Precipitators only are used to 
clean the flue gases. Installed 
originally in 1941, they were 
recently modified to incorporate 
latest developments. A stack emis- 
sion of 0-056 grains/cu. ft. N.T.P. 
was recorded at tests carried out 
subsequently by the B.E.A. when 
burning a 26-5% ash coal. 


PIONEERS AND SPECIALISTS IN 


ELECT REGAL PRECIPITATION 


LODGE-COTTRELL LTD GEORGE ST PARADE BIRMINGHAM 3 


Telephone: Central 7714 (4 lines) 
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Y CAST IRON 
ER TYPE TERMINAL BOXES 


Tier Type Terminal Box 
for 4-core cable 


The HENLEY Cast Iron Tier Typ: Termin | Box, Jesigned for multicore 2 
P.L. and armoured cables | up. to 660v., solves the problem of terminating 
overhead low tension lines arranged in vertical formation. Jointing is easy, 
and an expansion chamber fitted to the tp ot the box allows adequate space 
for expansion of compound. Ce _ 
Details of all types are ety described in our Catalogue 50 sent 
on request. / . 


HENLEY’S TELEGRAPH WORKS CO. LTD., 51-53, HATTON GARDEN, LONDON, 
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SUMMARY 

A brief review is given of some factors relevant to short-circuit 
testing of alternators. The forces acting upon the stator conductors, 
particularly outside the slot, are described and the difficulty of analytical 
assessment of the damage to insulation is pointed out. Some details 
are given of the results of test short-circuits on a 60-MW turbo- 
alternator and also of tests on an experimental replica stator. The 
degree: of correspondence between the short-circuit forces on an 
alternator and those on such a replica stator is considered in the light 
of tests carried out to ‘establish this point. A discussion is given 
of various factors contributing to the severity of short-circuit forces 
which may occur in service and under present test conditions. The 
suggestion is advanced that a study of available data concerning actual 
operational faults be made with a view to obtaining agreement on a 
more realistic short-circuit test before machines are despatched. 


(1) INTRODUCTION 


The phenomenal advances in the output of individual turbo- 
alternators in recent years have presented the designer with 
increasingly difficult problems. Among these, although it is not 
insuperable, is the requirement of incorporating in the stator 
end-windings sufficient mechanical strength to withstand the 
forces which would occur if a solid short-circuit were applied 
at the generator terminals, at the same time providing adequate 
spacing between the coils for the passage of the cooling medium. 

Thirty years ago a 20 000-kW generator was considered to be a 
large unit; generating voltages were low, the sets often being in 
close proximity to their loads. Many large industrial consumers 
of electricity, such as factories and collieries, installed their own 
generating plant, the output from which was fed into long runs 
of open busbars. Faults in these circumstances were not 
uncommon, and a busbar flashover represented a short-circuit 
electrically close to the machine terminals. It was probably in 
the light of this type of operation that clause 36 was included 
in the relevant British Standard (B.S. 225: 1925). This states 
that “‘Short-circuit tests, when required, shall be specified at the 
time of inviting tenders for the machine.”’ 

At that time it was reasonable to require an alternator to be 
subjected, on test, to a severe terminal short-circuit, since this 
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was a likely operational contingency. Over a number of years 
the principle was thus established of applying 3-phase short- 
circuits from full voltage on those early and relatively small 
machines. These tests are not specifically required by B.S. 225, 
but the precedent having been set, manufacturers have felt bound 
to accede to continued requests for the application of full-voltage 
short-circuits on machines of ever-increasing ratings. 

The development of high-voltage transmission led to the 
interconnection of existing power stations and to the construction 
of new stations satisfactorily placed with respect to fuel supply 
and cooling-water facilities. Generation may now be carried out 
at some distance from the load centres, and large alternators, 
more often than not, are solidly connected to individual step-up: 
transformers with relatively short runs of busbars on the low- 
voltage side. The likelihood of a fault at or near the machine 
terminals in these circumstances is therefore remote compared 
with the conditions obtaining when B.S. 225 was originally 
prepared. 

Faults may occur fairly frequently on that part of the system 
connected to the high-voltage side of a generator transformer, 
but in such cases the fault-power and current from the generator 
are limited by the transformer impedance in addition to that of 
the alternator itself. In a typical case the peak initial current 
to a high-voltage fault might be reduced to half the value 
associated with a solid short-circuit at the machine terminals. 
Additional factors, referred to in Section 6, reduce still further 
the currents to be expected in modern installations. 

In what follows it is suggested that short-circuit tests from 
full voltage represent progressively more severe and less realistic 
conditions as the sizes of individual machines increase. The 
highest ratings of 2-pole alternators supplied for British power 
undertakings over the last 30 years are illustrated in Fig. 1. 
Alternators of more than 100 MW rating at 3000 r.p.m. are 
now in the course of manufacture in this country and still larger 
units are being considered. Generators rated at 250 MW at 
3 600 r.p.m. are at present under construction in the United 
States, and machines of similar capacity will undoubtedly be 
made before long for connection to the British Grid. 

The primary object of the paper is to promote discussion of 
the view that while some short-circuit tests are probably desirable 
as a check on alternator reactances and on general manufacturing 
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standards, it is unnecessarily severe to apply such tests from 
100% rated voltage. 


(2) SHORT-CIRCUIT FORCES 


The particular aspect of alternator short-circuits with which 
the paper is mainly concerned is that relating to the forces 
acting upon the stator conductors, and especially those on the 
stator end-windings. As is well known, each one of a group 
of current-carrying conductors experiences electromagnetic forces 
whose magnitude and direction depend upon the configuration 
of the conductors and the amplitude and phase of the currents. 
The instantaneous force on any small element of conductor is 
given by 


F =0:57IBsin @ds x 10-6 pounds . . (i) 
where ZI = Current through the element, amp. 
B = Magnetic flux density at that point, gauss. 
@ = Angle between J and B. 
and ds = Length of the element, in. 


The direction of the force F is mutually perpendicular to the 
directions of J and B. If the circuits are in air B is directly 
proportional to the magnetizing force and therefore to the 
currents flowing in the configuration; the mechanical forces are 
then functions of current products. 


(2.1) Forces on Stator Conductors 


In a turbo-alternator having a subtransient reactance of 10% 
the initial current following a 3-phase short-circuit from no-load, 
rated voltage is ten times the full-load current. If maximum 
asymmetry occurs in one phase and decrement is neglected, a 
peak current will flow having a magnitude 20 times the peak 
value of full-load current. The peak forces associated with the 
conductors of that phase will therefore reach values of 400 times 
normal. The stator forces depend on many design features but 
in particular cases may increase more than proportionally with 
the output. The ratings of individual generators shown in Fig. 1 


Fig. 1.—Ratings of 2-pole alternators installed on British electricity 
undertakings. 


indicate that the short-circuit forces on the windings of present- 
day machines may be appreciably greater than those on the 
largest manufactured 30 years ago. 

The presence of magnetic material in close proximity to the 
stator windings, particularly the rotor body and retaining rings, 
complicates the estimation of the forces; this point is discussed 
in Section 5. 

The full-load forces on conductors embedded in the stator 
slots are not large, the torque being carried mainly by the stator 
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iron. Where conductors in different phases occupy the sar 
slot the repulsion forces between them must be restrained f 
the slot wedges; these can be designed to have sufficient s treng, 
for this duty under maximum-fault-current conditions, and litt 
difficulty therefore arises in the embedded portion of the statc 
winding due to the short-circuit forces. However, in the en: 
winding structure which is in air, provision must be made ° 
enable the conductors to withstand the possible displacing force 
Adequate bracing and packing must be provided without undu 
impairing the ventilation requirements of the machine. 

The resultant force on any coil is that due to its own electr 
magnetically produced forces combined with those transferre 
mechanically from its neighbours through the packing bloc! 
and binding; the length of the overhang is therefore an importa: 
parameter in determining the total moment on the coil abot 
the core-end, where it may be regarded as being rigidly suy 
ported. Modern alternators with high ratings require larg 
diameter stator bores with correspondingly longer overhans 
than those needed on smaller machines. This factor, in additic 
to the higher current values, must be considered in the desig 
of the bracing to restrain the short-circuit forces associated wit 
large generators. 


(2.2) Analytical Expressions for Forces 


For illustration purposes, consider the two layers of a statc 
end-winding to be developed into two parallel planes as show 
in Fig. 2. The point P is located on the outer conductor of tt 


Fig. 2.—Simplified configuration of two layers of end-winding. 


phase-1 band in the upper layer of winding; the sense of th 
currents in the various conductors is indicated by the arrows 
The diagram is considered to represent the xz-plane with th 
co-ordinate directions as shown by the forces at P. T hroughou 
the cycle there will be a component of force at P, towards th 
remaining conductors in the phase-1 group, which will var 
as 2, Owing to the adjacent phase-2 coils there will be a forc 
Proportional to J,J,, whose direction and magnitude will var 
over the cycle. Similarly, there will be components due to th 
conductors of phase-3 and due to the phase bands in the lowe 
layer of the winding. In general, the electromagnetic force a 
any point on a coil carrying current I, is given by 


Fi = kylt + koh Pk hL. - ee 
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The coefficients k depend upon which conductor is under 
consideration and the position of the point on the conductor, 
while the instantaneous values of the phase currents J, I, and J, 
depend on the short-circuit conditions, i.e. the type of fault and 
the instant in the cycle at which it occurs. Some investigations 
on the effect of various types of short-circuit are given in 
Section 6. 

Previously published analyses of end-winding forces appear 
to have been confined to approximations with regard to the shape 
of the coils. Calvert! and Zingales® consider a group of infinitely- 
long parallel equally-spaced co-planar conductors and give 
the expression for the force on the outer conductor of the 
group. Harrington? analyses a configuration similar to that 
shown in Fig. 2, the two layers of a conical end-winding being 
considered to be developed into parallel planes with the con- 
ductors represented by straight lines; values of the coefficients k 
are derived for the component of tangential force in the plane. 
This treatment is said to be reasonably accurate for a 4-pole 
alternator whose end-windings lie on cones having half-angles 
not greater than 25°. Harrington gives results of an investiga- 
tion made to determine the effect of the stator iron on the 
magnetic fields in the end-winding, and the conclusion is reached 
that this is of minor importance over most of the coil length 
but has some effect on the portion of end-winding nearest to the 
coil knuckles. 

An analysis has been made of the end-winding forces in a 
particular 2-pole machine for which it was felt that the treatment 
described in Reference 2 would not be sufficiently accurate. The 
correct 3-dimensional form of the windings has been considered 
by a method outlined in Appendix 10.1, and the coefficients & for 
the forces in the x, y and z directions are shown in Fig. 3 as 
functions of the length along the curved end-winding conductors. 

It is evident that the total displacing force in any given direc- 
tion will be represented by the area beneath the curves shown. 
and there will be, in addition, bending moments or couples acting 
upon the conductor which could also be evaluated from Fig. 3 
together with information about the actual shape of the coil. 
In making any comparison between the figures given in Refer- 
ence 2 and those shown in Fig. 3 it is necessary to recall that 
the former relate to a 4-pole machine and the latter to a 2-pole 
machine and also that F,, F, and F, are the three components 
of the force at points on the true shape of the coils. In Refer- 
ence 2 the coil is considered to comprise three sections and the 
total and average forces on each are given; no reference is made 
to the twisting couples mentioned above or to the effect of the 
rotor in modifying the forces under actual short-circuit con- 
ditions. 

From the foregoing discussion it will be clear that the magnetic 
jields throughout the end-winding during short-circuit will have 
1 somewhat complex distribution. Even if these are calculated 
und the forces computed, the resulting movement of the coils 
ind the probable damage to the insulation would be almost 
mpossible to evaluate. This is because it is difficult to ascribe 
juantitative values to the constraints afforded under dynamic 
onditions by the packing and binding. The problem is still 
urther complicated if it is desired to make due allowance for 
ny ageing in service of the insulating and supporting materials, 
ind to take proper account of the operating temperature of the 
nachine. 

Analytical assessment of the damage likely to be produced 
nn alternator windings as a result of a short-circuit therefore 
resents very considerable difficulties. It is desirable, however, 
rom the viewpoints both of manufacturers and users of electrical 
lant, that any design should be proved to have sufficient 
1echanical strength to withstand whatever conditions it may 
sasonably be expected to encounter in service. It should be 
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Fig. 3.—Calculated values of end-winding force coefficients for the 
outer conductor of a phase band on a 2-pole alternator. 
Fe = kyl} + ky2lth + ki3shk 
Fy = ky J]? + Ko2TyIn + kak 
Fz = k3l? + k32lle + k33hil3 


possible to establish specifically what can be considered to 
constitute a satisfactory demonstration of this requirement. 


(3) INVESTIGATIONS INTO THE CONSEQUENCES OF A 
FULL-VOLTAGE SHORT-CIRCUIT TEST 
The correlation of analytical work with practical experience 
was investigated with reference to a series of short-circuits under 
test conditions on the first of four 60-MW 3-phase 60-c/s 13-8-kV 
3 600-r.p.m. alternators for a power station in Canada. The 
consultants handling the contract on behalf of the purchaser 
required the generator to be subjected to a solid 3-phase short- 
circuit from 100% of normal voltage on open-circuit. 


(3.1) Short-Circuit Test Results 


In order to check the correct operation of the oscillographic 
equipment associated with the test, two preliminary short- 
circuits were carried out, one at 50% and another at 75% of 
normal voltage, before the specified test from 100°% voltage. 
Following these three short-circuits the alternator was run for 
several hours on open-circuit above normal voltage. The first 
indication that damage to the insulation had occurred was 
obtained when the windings failed to withstand for one minute 
the final high-voltage insulation test—namely twice the working 
voltage plus 1 kV, i.e. 28-6kV. The windings had previously 
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withstood a test voltage of 30-6 kV between phases and to earth 
for one minute. 
The results of the high-voltage tests were: 


(a) The first phase failed on reaching 28-6 kV. 

(b) The second phase failed at 21:0 kV. 

(c) The third phase failed after withstanding 28-6kV for 
30 sec. These reduced values of breakdown were undoubtedly 
a direct result of the short-circuit tests. 


On subsequent examination of the end-windings, a few loose 
ends of the binding material provided the only immediately 
obvious indication that some slight movement of the windings 
had taken place. 

It is possible that had the operating voltage been 13:2kV 
instead of 13:8kV the windings of two phases might have 
withstood satisfactorily the corresponding test voltage of 27-4 kV 
for 1 min. In such circumstances the faulty top-half coil of 
the third phase would probably have been replaced and any 
loose binding renovated. Assuming that all three phases sub- 
sequently withstood the high-voltage test, the machine would, 
no doubt, have been accepted, and would have gone into service 
as healthy. This hypothetical case is mentioned only to 
emphasize the nature of the acceptance tests and to draw atten- 
tion to their possible shortcomings. In the case of the machine 
referred to above, since three coil-sides required replacement it 
was decided to rewind completely and to obtain in the process 
as much information as possible regarding the extent of the 
damage to the insulation resulting from the short-circuit tests. 

Measurements taken at the coil knuckles of the upper layer 
showed some permanent circumferential deflections, and a 
record was made of the displacement on each of the 60 half-coils 
in the upper layer; the average values obtained at the two ends 
of the stator are shown in o 4. Each half-coil was then 
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Fig. 4.—Results of short-circuit tests. 
(a-a) Calculated envelope of peak forces at coil knuckles for a particular short- 
circuit from rated voltage. 
Permanent circumferential deflections measured at coil knuckles on: 
(b) Alternator. 
(c) Replica stator similarly braced to alternator. 


y Location in alternator of coils found to have reduced insulation strength 
following short-circuit test. 


Deflection at coil knuckles, in 
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electrically isolated and high-voltage tested before removal fro 
its slot. Out of the total of 120 half-coils, 19 failed to with 
stand voltages to which they had previously been successfull 
subjected. The location of 16 of these points of coil failut 
was just beyond the end of the core, clearly demonstrating th 
susceptibility of this portion of the insulation to damage b 
shock mechanical displacement of the end-winding structure 
One coil was found to have broken down in the slot and o 
two coils the point of failure was not recorded. 

After the removal of the coils from the slots, the insulatio 
was examined at those points of breakdown which could b 
located. In all the 16 cases referred to, puncture was found t 
have occurred where the wall insulation had been strained owin 
to movement of the conductors. There was slight evidence c 
radial displacement at the coil knuckles, but the major cause ¢ 
damage appeared to have been circumferentially-directed forces 
From the subsequent analyses which have been carried out - 
appears that it is the latter component of the short-circuit force 
which produces the greatest deterioration of insulation strengt 
in windings having a conical configuration. In the investiga 
tions reported here, the emphasis has been on circumferentia 
rather than radial or axial forces on the end-winding conductor: 


(3.2) Analysis of Force Distribution 


From oscillographic records of the test, the appropriat 
instantaneous values of current were substituted into analyticall 
derived expressions for the circumferential forces adjacent t 
the knuckles of each coil. From these, the peak magnitudes u 
both directions attained over the first cycle were calculated a 
a function of coil position round the periphery, identificatio; 
being by means of the slot number. The results are shown a 
an envelope by the two solid lines (a) in Fig. 4 which also show 
the position of the insulation failures in the upper layer. It ha 
already been pointed out that each coil experiences both its ow 
electromagnetic forces and also a certain transferred effect fron 
the whole end-winding structure. The mean force on any coi 
thus results from a combination of adjacent values in Fig. 4 
and this makes it clear that the general tendency for the uppe! 
layer is in a “‘positive’’ direction, which in this case represent: 
contrarotational movement. The “negative” peaks are opposes 
to this main tendency so that coils where these peaks occu 
(e.g. 22, which failed) will be subjected to a series of oscillator 
movements of similar magnitudes in either direction, possibl 
resulting in only small or even no measurable final displacements 
This would seem likely to produce at least as much deterioration 
of the insulation as a number of impulses in one direction, whict 
approximates to what certain other coils would experience (e.g. 9 
which also failed). The peak forces shown in Fig. 4 are not it 
time phase, each occurring at an instant determined by th 
maximum of an expression in the form of eqn. (2). | 

(4) SHORT-CIRCUIT TESTS ON AN EXPERIMENTAL | 

STATOR 

At the time of the incident referred to above, consideratior 
had already been given to the evolution of a means whereb: 
the performance of any system of end-winding support coulc 
be assessed before its incorporation into a production machine 
As mentioned above, it is inherently difficult to evaluate the 
various constraints involved, and it was therefore felt that am 
form of scale model would probably not represent correctly the 
necessary relationships. The suggestion was considered that th: 
conical form of the end winding could be developed—full-scale— 
into a plane for the purpose of experimental work. It wa: 
decided, however, that the constraints would still not adequateh 
correspond to those in an actual machine; moreover the difficult: 
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yf arranging the conductors to obtain all the necessary currents 
n the correct relative positions and directions would have been 
in added complication to this form of apparatus. Such a simpli- 
ied form of construction might be of value if it could first be 
hown to give results sufficiently similar to those obtained by 
nore accurate reproduction of the true conditions. 

An important question arising at this time was whether correct 
epresentation of the stator currents alone would produce forces 
m the conductors equivalent to those occurring in an actual 
nachine under short-circuit conditions. 
ircuit the form of the magnetic fields in the end-winding region 
s influenced by the presence of the rotor, and in particular by 
he eddy currents in the retaining rings. The modifying effect 
f the rotor has been investigated and the results appear in 
ection 5. It is concluded that, compared with conditions pro- 
luced by the stator currents alone, the initial peak circum- 
erential forces are lower during a short-circuit test, whereas the 
orresponding radial forces are higher. Since it appeared that 
ircumferential forces were responsible for the major damage 
aused to the conductor insulation it was decided that a true 
epresentation of the stator currents would permit the most 
mportant forces to be reproduced and even amplified; no 
ttempt was therefore made to include rotor effects during the 
xperimental-winding short-circuit tests. 


(4.1) The Replica End-windings 

The final form decided upon for the experimental work con- 
isted of the full-size double-ended replica of the particular end- 
indings under examination. It was considered sufficient to 
nsure that the effect of the slot-embedded portion of the coils 
‘as adequately represented and that the distance between the 
nd-windings was such as to make negligibly small any mutual 
lectromagnetic effects. Accordingly only 9 in axial length of 
ore-plates was employed, entailing a knuckle-to-knuckle coil 
ngth of about 27 in, but in all other respects the apparatus 
ssembled the complete alternator stator construction. A 
bricated framework was employed, and Fig. 5 shows a view 
f the completed stator replica. Different forms of end-winding 
ypport were incorporated at the two ends of the replica; one 
f these was precisely as that employed, in the alternator men- 
oned in Section 4, where 12 radial brackets located three 
ipporting rings to which the windings were lashed. At the 
pposite end a different bracing was used, the major modifica- 
on being to dispense with the three rings and to utilize 24 radial 
rackets, the coils being lashed to them direct. Since identical 
ces would be produced at corresponding points at the two 
ids a direct comparison would result. A series of short-circuit 
sts up to the equivalent of one at 80% rated voltage confirmed 
at the modified end was superior, and it was realized that in 
‘der to obtain maximum information from the replica it was 
sirable to strengthen the other end before subjecting the 
indings to any greater forces. This was done before continuing 
e tests up to the 100% value. 


(4.2) The Short-Circuit Tests 


The experimental stator was subjected to instantaneous 3-phase 
ort-circuit tests, the current being supplied by a low-reactance 
itchgear-testing alternator and controlled in magnitude by the 
dition of external reactance in the circuit. The closure of the 
itch applying the short-circuit was timed to occur at a point 
the voltage wave resulting in the greatest forces at particular 
sitions of the stator winding. A range of current values was 
osen, equivalent in magnitude to those resulting from short- 
cuits at various voltages up to 100% on the original machine. 
cillographic records were taken of all the relevant electrical 
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Fig. 5.—The replica stator subsequent to a test with currents equivalent 
to a full-voltage short-circuit on the alternator. 


quantities and also of the output from eight devices indicating 
the mechanical movement of stator conductors relative to the 
core-plates and frame. A number of search coils recorded the 
alternating flux-densities occurring at various points in the end- 
windings. Numerous measurements were made with vernier 
callipers and other instruments before and after the tests. 

Cinematograph records were made during the short-circuit 
tests. Two cameras were employed for this purpose, one 
recording at 64 frames/sec viewing the whole of the end-windings, 
and the second recording at 1 660 frames/sec viewing the core-end- 
to-knuckle region of those conductors expected to experience 
the greatest forces in any particular test. 

The movement-recording devices showed that up to currents 
equivalent to a short-circuit from 50% voltage, elastic deflections 
occurred on the conductors but no permanent deformations were 
caused. In further tests with currents equivalent to short- 
circuits at 75% and 100% voltage the amplitude of the 
oscillations was greatly increased and some permanent deforma- 
tion of the conductors resulted. Following the complete 
series of tests, the windings successfully withstood the full British 
Standard one-minute high-voltage insulation tests of twice 
working voltage plus 1 kV, both between phases and to earth. 

A record was made of the distortions produced on the replica 
at the end braced as the original machine, and these are shown 
as curve (c) in Fig. 4 where they may be compared with the 
measurements taken on the original alternator. It is of interest 
to note the degree of correlation between these two results. The 
form and magnitude of the deflections are generally similar, 
somewhat more distortion having been produced on the replica. 
It must be borne in mind that a larger number of low-current 
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short-circuits was carried out on the replica than on the actual 
machine, and also that the rate of decrement was slightly lower 
during the experimental tests than that recorded on the alter- 
nator. As discussed below, the circumferential forces on the 
outer conductors of each phase band would be increased by the 
absence of the rotor. 

Instantaneous deflections at points between the knuckles and 
the core at each end of four coils are shown in Fig. 6 for a test 
with currents equivalent to a full-voltage short-circuit. The 
points at which these measurements were made were nearer to 
the core than those to which Fig. 4 relates, and the permanent 
displacements shown do not correspond between Figs. 4 and 6. 
The peak displacements shown in Fig. 6 are seen to be con- 
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Fig. 6.—Instantaneous deflections measured at points between the 
knuckles and the core at each end of four coils during 3-phase 
short-circuit. 

Coil numbers: (a) 41 (11); (6) 51 (21); (c) 20 (50); (d) 1 (31). 
Initial 3-phase short-circuit current: 47 kA r.m.s, 
Final positions indicated by lines at right. 


Original bracing. 
— — — — Redesigned bracing. 


siderably greater than the final permanent deflections indicated 
by the lines to the right of the Figure, and the complicated nature 
of the oscillation is evident. The latter may also be appreciated 
from the high-speed film, which strengthens the belief that 
analytical methods alone will hardly permit precise evaluation 
of end-winding performance. 


(5) INVESTIGATIONS ON THE EFFECT OF THE ROTOR 

It was evident that there might be differences in the forces 
experienced by the stator conductors when the same stator 
currents were produced (a) by short-circuiting an alternator 
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running at rated speed and excited to produce some value ¢c 
terminal voltage, and (b) by passing the same currents throug 
the windings from the external source with or without the rotc 
in position. The configuration of the ordinary conical form c 
end-winding suggested that the effect of the rotor would diminis 
continuously from the coil knuckles out to the evolutes. Th 
investigations confirmed this tendency and attention agai 
centred on the knuckle-to-core region of the coils. 


(5.1) D.C. Component of Stator Current 


Fig. 7 shows graphically some measured flux-densities 4 
functions of currents; these were obtained from two series ¢ 
tests on an alternator stator with currents passed through th 
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Fig. 7.—Variation of the fundamental alternating components of flu 
density with stator current. 


(a) Radial components. 

(6) Circumferential components. 
(c) Axial components. 

@ Rotor in position (locked). 
© Rotor removed. 


windings from an external source. In one series of tests th 
stator only was used while in the other the rotor was inserte 
into position but was held so that it was not free to rotate. 1 
will be seen that the radial flux densities were lower in th 
presence of the rotor while those in circumferential and axie 
directions were slightly increased. Eddy currents in th 
stationary rotor and retaining rings oppose the establishmen 
of radial flux through the rotor by the stator field rotatin 
at fundamental frequency; the flux path is thus limited to th 
air-gap and the skin of the rotor iron. These conditions ar 
analogous to those occurring in an actual machine short-circu! 
so far as the d.c. component of the stator current is concernec¢ 
since in that case there is again a relative fundamental frequenc 
between the now stationary field and revolving rotor. Th 
circumferential forces on the stator conductors due to the fiel 
of the d.c. component of current would therefore be greater an 
the radial forces slightly lower on the replica tests than durin 
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a machine short-circuit resulting in currents of the same mag- 
nitude. 


(5.2) A.C. Component of Stator Current 


Two further series of search-coil measurements of flux density 
were taken during running short-circuits—series (i) up to 36% 
rated voltage on one of the machines upon which the replica 
was based, and in which the retaining rings were of magnetic 
material, and series (ii) up to 100% rated voltage on a 60-MW 
11-8-kV 50-c/s alternator in which the retaining rings were of 
non-magnetic material. The results of series (i) are shown in 
Fig. 8 where they are compared with corresponding values 
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Fig. 8.—Variation of the flux density per ampere of stator current 
with time, measured at coil knuckles following the application 
of a 3-phase short-circuit on the replica stator and on a running 
alternator having magnetic retaining rings. 


(a) Circumferential components. 
(6) Radial components. 
The figures on the curves relate to the percentage of rated voltage from which the 
short-circuits occurred. 


measured in the replica. It will be seen that the initial values 
of radial flux density are again lower for the alternator tests. 
Eddy-currents flow in the main rotor body with an initial mag- 
nitude sufficient to maintain constant the flux-linkages existing 
prior to the short-circuit. A proportion of these currents passes 
axially into the retaining rings which also carry locally induced 
eddy-currents. The form of the fields in the neighbourhood of 
the stator-coil knuckles is determined by the configuration of 
current paths and iron surfaces, and the magnitudes of the 
currents vary interdependently in a somewhat complex manner. 
This case differs from that described in Section 5.1 in that both 
the rotating field and the rotor must now be considered to be 
revolving at the same speed, so that the phenomena are essentially 
similar to the build-up across an air-gap of a flux stationary in 
space and in the presence of iron circuits. Mathematical analysis 
yf a configuration geometrically similar to the retaining-ring 
egion of the machine at a cross-section through the coil knuckles 
ave results which agreed well with the measured values. The 
nethod employed in the calculation is outlined in Appendix 10.2. 
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With the decay of the eddy currents, flux penetrates the retaining 
rings, and where these are of magnetic material a maximum value 
of radial flux density per unit alternating stator current is reached 
at the coil knuckles which is greater than that obtained in the 
absence of the rotor. The flux density per unit current may be 
limited by saturation of the magnetic paths, and Fig. 8(5) indi- 
cont the effect that this has on the rate of growth of the radial 
eld. 

Fig. 9 illustrates the calculated behaviour of the flux entering 

the magnetic retaining ring and shows the effect of saturation. 
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Fig. 9.—The flux entering the retaining ring as a function of time and 
of applied voltage during 3-phase short-circuits. 


In the results of test series (ii) carried out on the machine 
having non-magnetic retaining rings, the flux-density/current 
curves differed from those shown in Fig. 8 in that the results were 
practically independent of the magnitude of the current and 
tended to a limit corresponding to the value given by tests on 
the stator alone. The initial radial and circumferential com- 
ponents were about 85% and 115 %, respectively, of their limiting 
values, which were reached after only a few cycles of short- 
circuit current. This time is of the same order as that taken 
for the decay of the eddy currents in the rotor body, and it is 
evidence of the fact that some of these currents flow into the 
retaining ring in their passage round one pole pitch to where 
they re-enter the main rotor body in the opposite axial direction. 

Fig. 10 has been prepared from Fig. 8(6), and shows, as a 
function of time, a comparison of the peak circumferential forces 
calculated to occur on the replica and those in a short-circuit 
in the alternator from 100% voltage on open-circuit. For the 
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Fig. 10.—Variation of product of current and radial flux density with 
time during short-circuit from rated voltage. 
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latter figures account has been taken of saturation in the iron 
paths. It will be seen that the replica tests produce higher 
initial circumferential forces but that the final sustained value 
is greater in the alternator. The measurements taken during 
the replica tests referred to in Section 4 indicated that, in respect 
of probable damage to conductors, by far the most significant 
current values were those in the range equivalent to short- 
circuits from 75 to 100% voltage. Fig. 8(a) indicates that for 
such short-circuits the peak radial forces acting initially on the 
stator conductors are larger on the alternator than those repro- 
duced on the replica. The main radial forces are directed 
outwardly, and the two layers of the end-winding are very effec- 
tively supported by brackets bolted to the core. In addition, 
the normal form of stator construction is such that the winding 
assembly can be regarded as forming a composite whole which 
may then be several times stronger to bending in a radial direc- 
tion than in a circumferential direction. 

The results obtained from flux-density measurements on alter- 
nators during short-circuit confirm that equal current tests on 
a replica represent more severe conditions with respect to 
possible insulation damage. 


(6) THE EFFECT OF THE TYPE OF SHORT-CIRCUIT 

In Section 2 a description is given of the analytical expressions 
for the forces occurring at points in the end-winding structure. 
These take the form of eqn. (2) and are in terms of all three 
phase currents. In order to assess the severity of different types 
of short-circuit it is necessary to ascribe relative values to the 
k coefficients. 

To simplify the problem it has been assumed that eqn. (2) 
takes the form 


Valea) ety Case ie EV se Pe, et eee (G9) 


It can be seen from Fig. 3 that at many points it is reasonable 
to neglect one coefficient in comparison with the other two. 
On this basis Fig. 11 has been prepared showing the peak values 
over the cycle of this expression for force. The curves are directly 
comparable if the current in a single-phase-to-earth fault is 
limited by neutral impedance to the same value as that in a 
3-phase short-circuit. If the ordinates are considered to be 
multiples of k,;,; or k,, whichever is the larger, the curves then 
represent the maximum possible values of F. The figures are 
given as a function of the angle % after a voltage zero at which 
a solid fault is assumed to occur, and include the following types 
of short-circuit: 


(a) A simultaneous 3-phase short-circuit where ub refers 
to Vi_y. 

(b) A phase-to-phase short-circuit where ys refers to V>_3. 

(c) Single-phase-to-earth short-circuits occurring sequentially 
and at the same angle ys of each phase-to-neutral voltage. 

(d) A breakdown from phase 1 at an angle ob on Vi 23 to an 
existing phase-to-phase fault between phases 2 and 3, 
which occurred at an angle ob on V7_3. 


It will be seen that except for case (a) the forces vary over a 
considerable range with changes in the angle at which the short- 
circuit occurs. In practice, the great majority of the faults 
which may arise are associated with breakdown of solid insula- 
tion or flashover in air between conductors. In neither case is 
it possible for failure to occur at zero voltage (i.e. ws = 0), and 
as can be seen from the curves, for cases (6), (c) and (d) the 
forces fall off rapidly with increasing voltage (i.e. as the currents 
become more nearly symmetrical). In case (a) the maximum 
force occurs when one phase breaks down at a voltage peak, 
which implies a symmetrical current in that phase if the impe- 
dance is purely inductive. The peak force occurs half a cycle 
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Fig. 11.—Relative values of the peak circumferential forces, F, as 
functions of the voltage angle & at which the short-circuit occurs. 


(a) A simultaneous 3-phase short-circuit ( refers to Vj_y). 

(6) A phase-to-phase short-circuit () refers to V2_3). 

(c) Single-phase-to-earth short-circuits occurring sequentially and at the same 
angle ~ on Vi_y, — V3—y, V2-w- 

(d) Short-circuit from phase 1 at a voltage angle | to an existing phase-to-phase 
fault between phases 2 and 3 which occurred at angle on V2_3. 


later when the remaining two phases both carry an instantaneous 
current equal to »/(3)/, where J is the peak value of the a.c. com- 
ponent. It will be noticed that the minimum value of force 
for case (a) is 85% of the maximum compared to corresponding 
figures of 25%, 14% and 18% for cases (b), (c) and (d). 

An additional factor tending to reduce the current magnitudes 
is the resistance of the arc which will occur in any form of 
insulation breakdown. Experimental work has provided a 
measure of the reduction due to this cause. A test circuit was set 
up to produce at 11 kV a prospective current of 47 kA resulting 
from a solid 3-phase short-circuit. It was then arranged that the 
short-circuits occurred with arcs of varying lengths in the current 
paths. Since the initiation of the arc was obtained by means 
of fuse-wire, maximum asymmetry resulted. The peak currents 
recorded are shown in Fig. 12 as a function of the arc lengths 
and with the ordinates expressed as percentages of the current 
in the solid short-circuit. It will be seen that with arcs of a 
length likely to be encountered in practice, a current of about 
75-80% of that in a solid short-circuit would result. Thus, 
when the effect of both the arc resistance and the decrease it 
asymmetry are taken into account, a considerable reduction ir 
current results compared with the theoretically worst case. A 
reduction to about 66% may be expected, and since the forces 
vary as the square of the current the corresponding reductior 
in forces would be to less than half the values shown in Fig. 11. 

Another eventuality on power systems which may have to be 
considered is the possibility of the inadvertent closing of ¢ 
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Fig. 12.—Illustrating the decrease in short-circuit current with 
arc length. 
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machine on to a system 180° out of phase. The currents result- 
ing from such an operation are those produced by an effective 
voltage of twice the normal value acting across an impedance 
equal to the sum of the machine and system impedances. In 
the situations where this might result in dangerously heavy 
currents, the generator will almost always be connected to the 
system via a generator transformer. An examination of typical 
reactances for this case shows that even at locations having the 
highest short-circuit levels the currents will be only about 80% 
of those resulting from a solid short-circuit on the generator 


at normal voltage, with corresponding reduction to about 66% . 


of the forces on the conductors. 


(7) CONCLUSIONS AND RECOMMENDATIONS 


With the present tendency to increase sharply the size of 

individual units, it would now seem opportune to examine care- 
fully all available records concerning types of faults experienced 
in service with a view to arriving at a more realistic winding- 
bracing test before despatch. 
Information on such records has been requested from the 
headquarters staff of the British Electricity Authority. On the 
subject of faults on the low-voltage side of generator trans- 
formers, including connections, terminals, etc., the instances of 
phase-to-phase faults which they have recorded comprise the 
following: 

Ten occasions where flashovers took place on copper-work 
between the terminals of the generator and the transformer due to 
various causes such as vermin, water and failure of cable-boxes, etc. 

Two cases where breakdowns between phases occurred inside the 
main generator transformer on the low-voltage side. 

One case where the unit auxiliary transformer broke down. 

In addition there have been a number of failures between phases 
on the end-windings of generators. 

Since in all cases flashovers are involved, and it is difficult to 
see how it could be otherwise, any test before dispatch could 
take the form of a flashover at normal voltage initiated by fuses; 
alternatively, a solid short-circuit at reduced voltage could be 
applied, since such a test may in any case be required to check 
the alternator reactance. 

If, after reviewing available data, it is still felt that the stator 
windings should be proved capable of withstanding a solid short- 
circuit at the machine terminals from normal voltage on open- 
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‘circuit, it may be considered that-such a proving test should be 


applied not to the actual windings but to a short-cored, but 
otherwise full-scale, replica of the windings as made. A full- 
voltage short-circuit applied to the actual generator windings, 
to the customer’s satisfaction, might well cause insulation 
damage which, although not immediately apparent, would lessen 
the ability of the machine to withstand the less severe but more 
frequent forces likely to be experienced under actual fault con- 
ditions in service. The use of a replica would ensure that the 
windings of the machine as delivered would be in a new con- 
dition. Assuming that a sufficiently large source of power were 
obtainable, a replica winding would, in addition, permit testing 
to destruction to be carried out, thus providing the designers 
and users of machines with an indication of the margins avail- 
able. The disadvantage of this procedure would be the cost and 
the time involved in manufacturing and testing such a replica. 
It should be clearly understood that the above suggestions are 
made in the best interest of the customer from the point of view 
of reliability of machines in service and not to obtain any relaxa- 
tion in actual bracing effort for the manufacturer. 

Available information regarding American practice is that 
while manufacturers brace machine end-windings to comply 
with specifications, they do not as a general rule carry out 
instantaneous short-circuit tests on turbo-alternators. They are, 
however, prepared to do so should such a requirement be written 
into the contract, but for reasons similar to those outlined above, 
customers are not encouraged to call for such tests. The general 
indications, therefore, are that in America short-circuit tests are 
rarely applied. 

It is hoped that the film taken of the struggling windings 
under short-circuit conditions will make clear the undesirability 
of subjecting the coils and insulation to forces appreciably 
greater than they are likely to experience under any condition 
in service. 
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(10) APPENDICES 
(10.1) Calculation of the Coefficients in the Expression 
for Force (Equation 2) 
End-winding dimensions are determined by the bore diameter 
and length of the stator, the coil pitch and the requirement of 
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suitable spacing between adjacent conductors. In the machine 
selected for the calculation, both layers of the end-winding 
formed cones coaxial with the stator, and the spacing between 
adjacent coils was constant over their length. For the calcula- 
tion, the conductors were considered to be replaced by line 
circuits through their centres. 

In a plane development of the windings, an approximate 
expression in polar form for the coil shape was found to be 


TRC CE) | a (2) 


where R, k and 6 are constants for one layer of the winding 
and n defines the position of the coil relative to a given reference 
coil (for which n = 0). 

It has been shown34 that the magnetizing force in, say, the 
y-direction, at a point P, due to current flowing through a line 
circuit in 3-dimensional space, is proportional to an area swept 
over by a vector in the xz-plane through P. Consider the pro- 
jection C’ of a line circuit C on to the xz-plane through the 
point P. From P draw in the direction of each point Q’ of the 
projection C’ (corresponding to a point Q on C) a vector of 


length 
_ PO! 
P = PQ) ©) 


The area required is that swept over by such vectors, as Q moves 
from one end to the other of the circuit C. 

It is required to calculate, at a number of points P along the 
length of the reference coil, the magnetizing force due to unit 
current in all coils of the end-winding. Consider the position 
of one such point P in the plane development and let it be 
represented there by (rp, 8p); consider also a general point Q, 
(r, 9), on a coil whose effect at P is being calculated. If the 
origin is taken at the apex of the cone the co-ordinates of any 
point (r, 6) become 

x =rsingsing 
y=rsingdcosa Pe i ol rene 6) 
rcos d 


where ¢ is the half-angle of the cone and o = 6/sin ¢. 
Let the co-ordinates of the point P be (xp, yp, zp) and let 


XC ap 


I 


Z 


Yay pals eee een) 
Ji a Sh, a Pigs 
Then (PO) eX ae) A Zo ee en) 
and for the calculation of lp he 
(PQOD* X24 Zee ee es (9) 
2 2 
and pips are ee, (10) 


If tan € = X/Z an increment of area swept over by p is given 
by 
1 ZdX — XdZ 
2(X2 4 Y2+ Z2)3 * 


Since X, Y and Z are known in terms of r and the co-ordinates 
of P, eqn. (11) can be written as 


dA = f(r)dr (12) 


In general, the expression f(r) is not amenable to explicit inte- 
gration; the value of A must be obtained by numerical integra- 
tion between the appropriate limits of r representing the move- 
ment of the point Q from one end to the other of the coil C 
whose effect at P is being calculated. The area A is propor- 
tional to H, at P due to C. Similar treatment enables expres- 
sions to be derived for H, and H,, and also the components 


1 
dA = xp'dé = (11) 
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due to the straight coil extensions from the slots, these bein 
directly integrable between suitable limits. The components ¢ 
Thy and H, due to coils carrying currents of the same phas 
can be combined, and hence the magnetic flux densities B,, E 
and B, at P are obtained in terms of the three phase current 
qh, I 2 and J 3- | 

It is necessary to determine at P the direction cosines cos a 
cos B and cos y of the current J, in the reference coil; these ca 
be obtained in terms of r, 9 and ¢, and can be evaluated. 

The forces at the point P per unit length of conductor ar 
then given by | 


lige 0 —cosy cosP ][B, 
F,| =| cosy 0 —cos a] | B, (13 
F, —cosB cosa 0 B, 
B, by by2 by3] [1 
But By| = | ba bo b23| | I, (14 
B, bs 32,33.) LI 
where 5, ... 633 result from the calculations describec 
above. 
Substituting eqn. (14) in eqn. (13) gives 
Fy Ky yn Ags | 
Fy| =Klkon = kon a3| |b}. - - 5 
F, ky kan egg VL 
ie. Fy. = kyl? + ky2ky + ky3My, etc., where ky, = — by, cvs y 


+ b3, cos B, etc. 

The terms k,,; . . . k33 were evaluated at a number of point: 
along the reference coil and the results are shown graphically 
in Fig. 3. 


(10.2) Analysis of an Equivalent Two-Dimensional System 


Fig. 13(a) shows a drawing of the end-winding region of 2 
turbo-alternator. The system analysed represents a section 
through the stator-coil knuckles as indicated. Fig. 13(6) shows 
the equivalent system assumed. The effect of the stator winding 
is represented by a current sheet located at the mean radius R- 
of the conductors. This current sheet has a sinusoidally dis. 
tributed m.m.f. equal to the fundamental component associated 
with the a.c. stator current, J, and given by 


M = IM) cos 6 (16) 


where Mo is a function of the stator-winding parameters and 
has a value of 15-7 gilberts/amp for the machine considered. 
The magnetic retaining-ring and the proximity of the stato- iron 
are represented by iron surfaces at, respectively, a known 
radius R, and a radius R, to be given a suitable value consistent 
with test results. 

It is required to determine the flux distribution in the annular 
air-space between the two cylindrical iron surfaces in the 
presence of the concentric current sheet. In regions (i) and (ii) 
of Fig. 13(6) the following equations can be written re.ating tke 
radial, Bg, and circumferential, By, components of magneti- 
flux density at any point (R, 6) 

dBo 


0 eae 


Bo 


Be _ 
oR 
oB 
Reale av 0) 
The general solutions for eqns. (17) are 
Br = (C,R""! + D,R-=-}) sin nO — 6) 
Bo = (C2R"~1 + DR} sin n(O — 6) 
the constants having different values in regions (i) and (ii). 


(17) 


(18) 
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Fig. 13.—Relevant to the analytical representation of an approximate 
equivalent system. 


(a) Alternator sections at retaining ring. 
(6) Two-dimensional model to same scale. 


The boundary conditions are 


B, = 0 (R = Rj) 

By =0 (R = R,) 

Ba = By (R = R;) (19)* 
Id 


Bea B, (My cos#) (R= R3) | 


~ R; do 


Considering these conditions and the current sheet at R; with 
m.m.f. of value IM, cos 0, the solutions to eqns. (18) take the 
form 


Br = 


IMA R3 + RD, , By soc g | 
2R3(R3 — RU = Re) aes 

poe 2 — fi) sin 0 

0 ~ 2R,(R3 — R? R 


(20) 


IM)(R3 + 3) R3 
AG aa 1 fa] 
BR ORR = RA + Ri) ©5 
IM,(R3 + R3) Ry . 
= 1 — 33) sin 6 
RR RA jee 


* Ta these equations ’ refers to region (i) and ” to region (ii). 
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From search-coil records on the alternator, values of Br (at 
R = Rpg) and By (R = Ro) were available corresponding to low 
currents and steady-state conditions. A particular value of Ry 
was found which when substituted in eqns. (20) with the values 
of Ri, R3, R, Mo and I gave results corresponding closely with 
the test figures. It can be seen from Fig. 13(b) that the value 
of Ry represents approximately a mean path to the end of the 
Stator iron. Using this value of R, and setting R, =0 to 
represent the removal of the rotor resulted in values of Bz and 
Be agreeing reasonably well with those measured on the replica 
stator tests. 

In order to represent the effect of saturation and eddy currents 
in the retaining ring, a current sheet is introduced at R = R, 
having an m.m.f. of value —AM) cos 6. This results in modi- 
fication of the results in eqn. (20) for region (i), these now 
taking the form 


ee —Mp) ) 
Ca) 
(R3 + RD), Ri RS 
— ae zy = R(A ae ar cos 0 
OR Bp 
(RZ + R3) Re Re - 
| ae (1 —zy R(3- 1)d sin 8 
or, substituting the numerical values of the parameters 
Br = 00-2607 — 0-276Ar.ms. (R= Rp) . (22) 
Bo = 0:045J — 0-142Ar.m.s. (R= Ry) . (23) 
Br = 0-415I — 0-478A peak (R= KE) (24) 


Half the total flux entering the outer surface of the retaining 
ring per unit axial length is given by 


mo /2 
© = R,/ By? = 207 — 29-12 (25) 
0 
or A = 0°866I — 0:04340 (26) 


Substituting this expression for A in eqns. (22) and (23) gives 
Br = 0:0217 + 0:0120 (27) 
By = 0:1687 — 0:006150 (28) 


From short-circuit tests and search-coil records on the alternator, 
values of © were calculated. These are shown in Fig. 9, and 
indicate that for any given test, OD remains approximately con- 
stant for times of the order of 0-3 sec following the short-circuit, 
and also that saturation will impose an upper limit to © for 
the higher short-circuit currents. A pessimistically high value 
was assumed for this limit, and the flux densities and forces were 
calculated for a 3-phase short-circuit from 100% rated voltage. 
The result is shown in Fig. 10 where it is compared with con- 
ditions occurring in the replica stator during a test with similar 
currents. 


DISCUSSION BEFORE THE SUPPLY SECTION, 15TH DECEMBER, 1954 


Mr. L. W. James: The authors have brought forward the 
paper at an opportune moment, since on the supply side we 
shall shortly be faced with the problem of testing and installing 
the first of a large number of 100/120 MW 3 000r.p.m. generators. 

The works tests specified for these machines call for, amongst 
other things, a sudden 3-phase short-circuit test at the machine 


terminals at normal voltage. This test is carried out mainly as 
a check on the strength of the machine windings and bracing, 
and whilst we have never been unduly worried at the prospect 
of such tests, it is very pleasant to know that the authors have 
carried out tests on a replica winding to show that machines of 
100 MW rating can apparently be braced to withstand satis- 
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factorily the forces set up by the heavy currents arising from 
full-voltage 3-phase short-circuits, without undue weakening of 
the insulation. 

It might be argued that this must have already been proved in 
other countries where machines much larger than 100 MW have 
been running for some time now, but this does not necessarily 
follow, since, for instance, although the standard American Rules 
state that a generator shall be capable of withstanding a sudden 
3-phase short-circuit at the terminals at 5% above normal 
voltage, it appears that for many years it has not been the practice 
either for the makers to carry out such tests for their own in- 
formation on new designs, or for the purchasers to specify them 
to prove that this requirement has been met. 

During my early training in turbo-generator design in the 
electrical manufacturing industry, I was taught to consider full- 
voltage short-circuit testing as a standard routine test, certainly 
to be carried out for information on bracing strength and on 
reactance values, in every case where a new design was produced 
or an old design modified. I may therefore be somewhat biased 
in dealing with this question. 

But so far as I am aware, on machines which have passed all 
their tests satisfactorily, no troubles have later occurred which 
could in any way be considered as due to the short-circuit tests. 

It is known, however, that some machines which have never 
had their design tested in this way have later broken down owing 
to collapse of windings when subjected to short-circuit faults, and 
the expense and outage then necessary to repair a machine after 
it has been installed on site is very much more serious than that 
necessary to put in additional bracing and blocking if signs of 
weakness are shown during the works short-circuit tests. 

The authors suggest that whilst such testing was necessary 
when machines fed local systems at generated voltage it may no 
longer be really necessary on the large generator-transformer 
units now being commissioned. If system or busbar faults were 
‘the only troubles to be expected, this might be reasonable, but 
faults on machines, their connections or the transformer windings 
still occur—all too frequently from our point of view. We also 
want a reasonable margin to take care of deterioration of bracing 
during 25 years’ life. 

_ Added to this there can be no guarantee that the terminal 
‘voltage will never exceed the normal value, and should the main 
switch trip when a machine is carrying full load with the voltage 
regulator out of action, voltages 50% or more above normal can 
‘occur. Ifa winding fault is likely at all, it will occur under such 
conditions, and then, even allowing for the various effects which 
‘can reduce the currents below those of a solid short-circuit at the 
_terminals, currents of the same order as those of a 3-phase full- 
;voltage short-circuit may arise. 

,. It therefore appears that, although such happenings may be 
extremely rare, it is still desirable to have a test to prove that 
the windings will not collapse and necessitate a complete rewind 
instead of a relatively simple repair. 

», »An view of the unlikely event of such serious trouble, however, 
it is considered that a full-voltage test need be carried out only 
on,the first machine of a new design, or whenever a modification 
\is made to a winding or its bracing. Similarly, it appears reason- 
able to accept a test on a replica winding, such as indicated in 
the paper, as sufficient proof of the strength of a machine with 
duplicate coil section and bracing, particularly where coupled 
with a check on the machine and replica movement at some 
‘reduced voltage considered to be perfectly safe. If, in addition 
to such tests, a reasonable number of duplicate machines are 
short-circuit tested at about half-voltage to give a check on the 
‘\sub-transient reactances required for system switchgear calcula- 
itions, this should be sufficient. 

If at any time it is considered that short-circuit currents are 
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becoming too high, there appears to be no objection to a reason 
able increase in reactance. 

I note the authors propose that replica tests at current value 
below those of a solid full-voltage 3-phase short-circuit, 0: 
machine tests at reduced voltages, could become a suitabl 
standard test to meet all reasonable requirements. Yet the} 
have tested a 100/120 MW replica at the equivalent of full voltage 
without any apparent difficulty. Is it with the larger sets o 
200 MW and above that they would like to reduce this test? 

If this did prove to be acceptable, what advantage could be 
given to the purchaser to compensate for the reduced factors 0) 
safety on the windings? Would it be possible to offer any 
financial incentive or perhaps a reduction of stray loss or overal 
length of windings? If not, I feel that we should insist on < 
prototype test either on the first machine, or a replica, at ful 
voltage while it is still a practical proposition to do this. 

Mr. W. N. Kilner: The authors have shown very clearly the 
order of magnitude of the forces which occur in the end-windings 
of turbo-alternators under conditions of sudden short-circuit. 
The problem of satisfactorily bracing the end-windings is greatest 
in the case of 2-pole machines, because they normally have 
higher stator ampere-turns per pole than 4-pole or multi-pole 
machines, and also their reactances are lower, so that, on short- 
circuit, the corresponding currents are higher. 

The modern trend is towards the use of larger machines, and 
they are nearly all of the 2-pole type. They are also hydrogen- 
cooled, and the use of hydrogen enables the specific rating in 
terms of ampere-turns on the stator to be considerably increased, 
so that the ampere-turns per pole are again higher than on 
air-cooled machines. The forces likely to be encountered on 
future machines will therefore be considerably higher than 
on existing machines. 

My colleagues and I have carried out sudden short-circuit 
tests at full voltage on some hundreds of turbo-alternators, with 
various types of end-winding bracing. We have therefore been 
able to collect a large quantity of data regarding the effectiveness 
of different types of end-winding support. During the past 
10 years, 50 machines have been tested which have exceeded 
40 000kVA normal capacity, and four were 60 MW hydrogen- 
cooled generators. During the past 10 years only one stator 
winding breakdown has occurred on voltage test after the short- 
circuit test, and this was only a minor breakdown which was very 
quickly repaired. 

In spite of this experience and the good results of the tests, I 
do not think it would be good practice to carry out such tests on 
the larger machines of the future. 

Most manufacturers provide a margin on the end-winding 
insulation to allow for the fact that some deterioration must take 
place during the 20 or 30 years’ life of the machine. There is a 
danger that a sudden short-circuit test at full voltage may take 
away some of this margin. The punishment which the insulation 
receives from the forces which cause movement must adversely 
affect the life of. the insulation. If tests are made, I would 
strongly recommend that they should be done with the windings 
warm, because I believe the damage to the insulation will then be 
less than if the windings are cold. My observations of windings 
leave me to believe that the forces are greater on the top layer 
than on the bottom layer of involute-type windings, and it 
would be interesting to know whether this is also the authors’ 
experience. 

The authors imply that the greatest improvement they made 
in the model winding, was to do away with the support rings and 
increase the number of radial brackets. I believe that the 
strength of the windings is more dependent upon the careful 
arrangement of the small blocks between coils, and particularly 
the taper blocks between the straight parts of the bars where 
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they project from the end of the core, between the end of the 
core and the knuckles. I should like to hear from the authors 
whether the improvements that were made after the original test 
included additional blocking. 

Fig. A shows part of the end-windings of a stator which was 
put into service sixteen years ago, and which was given a sudden 


Fig. A 


short-circuit test at full voltage before shipment. It shows how 
parts of the winding were displaced as a result of this test. The 
stator was not rewound, but the windings were warmed and the 
coils gently moved and spacing blocks fitted between them to 
provide the necessary ventilation and give additional support. 
The winding did not break down on the official voltage test and 
has operated satisfactorily ever since. 

Fig. B shows the stator winding of a similar machine with the 
same type of bracing, but with a larger number of small packing 
blocks between coils. The windings are supported on brackets 
similar to those used by the authors, but they are clamped 
between circumferential rings, and pulled down on to the brackets 
by steel bolts. I feel that this is a better way of securing the 
winding than lashing it to the brackets with cord. Fig. B also 
shows the row of blocks just outside the core, which give excep- 
tionally good support to the overhanging straight parts of the 
coils. This stator withstood a sudden short-circuit test at full 
voltage without any distortion of the winding. 

Finally, although we know how to brace windings to prevent 
movement, I am not happy about subjecting the insulation to 
unnecessarily high mechanical forces. My recommendation 
would be that there should be some compromise for machines 
of the order of 100 MW, and if the users wish to have some 
assurance that there is not something inherently wrong in the 


machine construction, they should make a test at about 75-80% 
voltage. I am not in favour of model tests, because the work- 
manship is such an important factor in determining the effective- 


Fig. B 


ness of the bracing, and the model test does not prove the 
workmanship of the actual machine. 

Mr. F. C. Winfield: The authors have attempted to make a 
mathematical investigation, but this make-up of wood, string 
and paper, and part-rigid support and part-no-support, is an 
utterly indeterminate mechanical structure, and it is little use 
trying to do anything except by way .of experience, test and 
practical investigation. The authors’ attempt at a model test 
was something in this direction. 

But the authors are really posing to the user, in particular, the 
question ‘‘What shall we do; ought we not to reduce these 
tests ?”’ 

Let us start by considering the 60 MW set. We have plenty 
of examples of full-scale short-circuit testing on 30 MW sets, and 
a fair number on 60 MW sets. There was no resulting damage 
on those sets. One particular set was a weak one, insufficiently 
supported, and it failed on test. But the test was for that pur- 
pose, and it satisfied that purpose; the weakness of the set was 
found out in the works instead of in the field. The revised 
machine is what I would consider to be a normally supported 
machine. Therefore, on a 60 MW set I am quite unequivocal in 
saying that there should be a 100% test. 

With the 180 MW machine, one has to think a little harder. 
One can alter the voltage and swing the reactance, as Mr. James 
suggested, but I still think that we shall have about twice the 
current that we have in the 60 MW set, and if we have twice the 
current we have four times the mechanical forces. If we are to 
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be asked to accept a simple extrapolation up to the range of four 
times our present experience, I could never agree. 

The design of the machine, as with most electrical apparatus, 
is based on experience and practical investigation at the works 
and on tests. The authors make some play of the fact that one 
may not get more than 50% short-circuits in general because of 
the step-up transformer. That is quite true; but one still gets 
faults, and if the authors suggest that they can produce a com- 
pletely fault-proof machine, I do not believe them. There are 
possible machine faults: i.e. there are the hydrogen seals, there 
are the bare copper connections and there are the main-trans- 
former and the unit-transformer windings subject to fault. Only 
a few months ago we had a unit-transformer fault and, as a 
result, the machine, an elderly one, flashed over. There was a 
single-phase flash-over which became a 3-phase fault, and it was 
necessary to have a complete rewinding. We cannot dismiss 
these things. 

When we are stepping into the dark, as with 180 MW machines, 
we must know that the thing is safe to begin with, and we must 
know that it will not wreck itself and perhaps somebody else 
when it faults. We must know that when we get a fault we are 
not going to have that machine out of use for six months. 

Mr. Kilner made a case against himself when he said that the 
model test does not reproduce the actual winding. Of course it 
does not. These alternators are mostly hand-work, and we must 
have proof that the work is done properly. One cannot carry 
out a test on a nice model and say that it will be just as well in 
an actual machine. A test at 50%, which is a quarter of the 
possible forces, does not give us anything; we must have some- 
thing higher than that. 

I do not know what designers are running away from. There 
is a straightforward problem. The forces are going up four 
times. Surely development and design work must be carried 
out on which to base the designs. If first that development and 
design work is done, I think it would be reasonable to accept 
75 % routine tests. We must have something more than a quarter 
of the forces to check workmanship alone and to check that the 
designs are in fact repeated. I would be willing to agree to 75% 
tests with a background of proof. If you cannot give that proof, 
then have 100% type tests and 75% routine tests. 

Mr. W. J. Carfrae: I think that it will be agreed that the margin 
of mechanical strength on end-windings is none too great. I 
doubt very much whether any manufacturer would be prepared, 
at the present time, to guarantee a machine against damage in 
the event of out-of-phase synchronizing as distinct from a short- 
circuit at the terminals. 

I do not altogether agree with the authors that a generator 
solidly coupled to a transformer will be subjected to smaller 
forces than when connected direct to a busbar system. Either 
arrangement can incur a dead short-circuit at the generator ter- 
minals. I can recollect an instance where a fall of snow from a 
roof caused a short-circuit on the low-voltage terminals of the 
generator transformer, equivalent to a short-circuit on the 
generator terminals in view of the short length of low-voltage 
connections. 

My view is that machines should be type-tested only. One 
machine, preferably the first, of any batch should be subjected 
to a sudden short-circuit test at full voltage, but the remainder 
should not be subjected to any sudden short-circuit tests, save 
possibly at a voltage substantially below normal to check react- 
ances. The purchaser might, as a result of this type test, have 
one machine weaker than the rest, but unfortunately, as a previous 
speaker has pointed out, this cannot be determined by inspection. 

From various small indications over the years I feel quite 
convinced that neither repeated sudden short-circuit tests nor 
repeated high-voltage tests are beneficial to windings in the long 
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run, and I suggest that some discretion should be used il 
specifying tests of this nature. | 

I agree entirely with a previous speaker that analytical metho | 
will never tell us in advance how an end-winding will behav} 
under sudden short-circuit conditions, but calculations of this tyAy 
are of value in giving a picture of the forces existing. 

I feel that replica windings as described by the authors are ni 
a generally practicable proposition. For a piece of specié 
research work such as is described in the paper a replica ; 
probably fully justified. Where, however, a limited number 
generators of any one design are built, as is generally the case wi 
the type discussed in the paper, the cost of replicas would t 
excessive. I imagine that the cost of a replica as described in th 
paper would be a substantial fraction of the cost of a full-siz 
stator. Furthermore, as one previous speaker pointed ou 
satisfactory performance on the replica is no absolute guarante 
that the production machines will all be equally good. 

I take it that the replica was wound for the same voltage a 
the original machine, but would be pleased if the authors wou 
confirm this. 

Mr. W. D. Horsley: It has long been known that the forces ii 
turbo-alternator windings are high and the investigation addi 
considerably to our knowledge of this problem although th; 
authors rightly come to the conclusion that the movement of coil. 
and consequent damage to the insulation is almost impossibl« 
to evaluate. In addition to the complexity of the forces there 
are many variable factors which include methods of bracing tha 
coils, the nature and application, and the treatment of the 
insulation. 

It is generally accepted that alternator windings should be 
designed and built to be capable of withstanding a sudden short- 
circuit at full voltage, although it may be argued that a test is 
onerous and should not be made. Furthermore, the occurrence 
of such a fault is very infrequent and there are therefore some 
grounds for considering whether proving tests at full voltage 
should be specified as routine procedure. 

Nevertheless, modern alternators are normally capable of with- 
standing a full-voltage short-circuit test without damage to the 
windings. In the past many alternators have been short- 
circuited at full voltage, sometimes repeatedly, to obtain test data, 
and subsequent operation has proved that deterioration has not 
occurred. 

Since the forces vary as the square of the short-circuit current. 
the reactance of the alternator—which primarily determines its 
value—is of first importance. The natural inherent reactance of 
an average design is in the range 10-124 %, and, if required, may 
be raised to, say, 15°% by increasing the size of the stator core— 
and, incidentally, the cost of the alternator. The higher values 
may be greater than required to safeguard the windings, but may 
be necessary to reduce the short-circuit power of the system. 

As stated by the authors the problem of designing an alternator 
to withstand full-voltage short-circuit tests becomes increasingly 
difficult as the output of individual units is increased. On the 
other hand, the use of hydrogen for cooling, the adoption of 
higher gas pressures and the development of direct-cooled wind- 
ings all tend to increase the specific output and, therefore, the 
natural inherent reactance. 

The problem of transport becomes more difficult as the size of 
individual units is increased, but by taking advantage of these 
design features a reasonable value of reactance may be obtained. 

The short-circuit current (3-phase, r.m.s. value) at full voltage 
for the alternator discussed in the paper is given as 47 kA, which 
corresponds to a reactance of about 6°%. This value is unusually 
low, and the difficulty of bracing the windings to withstand a 
sudden full-voltage short-circuit is correspondingly great—but as 
shown by the authors it is not unsurmountable. 
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End-windings of both the basket and the involute types have 
been satisfactorily designed and constructed for short-circuit- 
testing generators having a reactance as low as 3 ee 

The projection of the conductors at the ends of the core is 
particularly vulnerable, and it is essential that the main conductor 
insulation should have some degree of flexibility. 

It is stated in the paper that elastic deformation occurred up 
to currents corresponding to 50° voltage. Was this current 
50% of the 100% voltage, or less owing to the higher reactance at 
lower current values? In either case it seems that with a react- 
ance of 124% permanent deformation would not be caused by a 
short-circuit at full voltage. 

Proving the stator windings is not the only object of making 
short-circuits; the determination of the actual value of reactance 
is also important. 

Owing to saturation the short-circuit current is not propor- 
tioned to the voltage, and an accurate value can be determined 
only by a full-voltage short-circuit on the alternator itself. A 
replica of the windings would not be suitable for this purpose. 

It may therefore be generally agreed that a short-circuit test 
should be applied to selected machines, although the voltage at 
which it is applied may be open to argument. 

If it is established that synchronizing an alternator transformer 
unit 180° out of phase is equivalent to a direct short-circuit at 
80% voltage, then the test voltage should be not less than this 
figure. 

The possibility of a fault developing between the alternator and 
transformer primary windings, although unlikely, cannot be 
excluded. Such a fault may occur at full load when the internal 
generated voltage in the alternator is about 10% higher than 
normal, and even if the arc resistance is taken into account, the 
fault current may be as high as that due to a direct short-circuit 
at full voltage. 

Taking all these factors into consideration it seems not un- 
reasonable to make a type test on one alternator at 100°% voltage 
and to apply a 50% voltage test on others of the same design. 

Mr. J. W. Laing: I have always been of the opinion that we 
ought to be able to build machines which will stand sudden short- 
circuits. Alternators for switchgear testing have been in opera- 
tion for about twenty years with reactances of the order of 24%. 
Special precautions were taken to meet the resulting heavy forces 
and the machines have survived for very many years. 

I think what is bothering us more than anything else is the 
rapid increase in rated output of machines. Normally we would 
expect a reduction in reactance with consequent greater stresses 
on short-circuit, but with better cooling methods it should be 
possible to maintain reasonable values of reactances so that the 
problem of bracing windings is not greatly removed from existing 
practice. We ought to be able to brace the windings so that we 
stop them from moving and still maintain adequate ventilation. 
In my opinion, this can be done provided that the insulation on 
the conductors is properly compacted and finished to close toler- 
ances. If this provision is met, adequate bracing at the most 
vulnerable position—where the conductors leave the core—can 
be provided. Adequate bracing of the remainder of the end- 
winding can be effected only by experience built up from testing 
of machines. I would mention that the machines from which 
experience has been gained were, in many cases, subjected to 
several full-voltage short-circuit tests and have shown no 
deterioration over many years. 

Mr. J. F. Dunn: Having been responsible for witnessing a 
number of short-circuit tests on medium- and fairly large-capacity 
alternators from time to time over a number of years, I find that 
I have a good deal of sympathy with some of the proposals put 
forward in the paper. 

Concerning the results of the tests quoted in Section 3.1, I have 


heard and seen enough at this meeting to suggest to me that, 
although no actual failure has ever occurred during testing or 
afterwards in any of the machines with which I have been asso- 
ciated, the possibility of the end-winding insulation being impaired 
must nevertheless have been there in some cases—particularly 
when, as has happened once or twice, there has been visual 
evidence after the tests of slight movement of end-windings having 
taken place. With the considerably increasing forces which 
apply as machines become larger and larger, it therefore seems 
that some change in testing technique may well become necessary. 
Although I am entirely in agreement with some of the earlier 
speakers to the effect that no reduction in the severity of the 
tests should be contemplated—indeed the larger the unit the 
greater the safety margin surely ought to be—nevertheless I 
think that the paper gives a strong lead in other respects. 

With regard to the form of test which ought to be applied I 
must say that I tend to agree with the authors’ suggestion that 
type-testing is a more satisfactory approach than the routine 
testing of machines which are then put into service. The point is, 
however, that the resulting reduced safety margin may not be 
evident without dismantling and carefully examining the wind- 
ings, and I would feel very nervous about operating a machine 
which had been subjected to end-winding movement like that 
which the authors described in presenting the paper. 

As indicated in the paper, type testing can be approached in 
two ways, namely (a) to adopt a replica test arrangement on the 
lines illustrated, and (b) to put sample windings on one of the 
machines which is actually going into service and then strip 
these off again after the application of the short-circuit and high- 
voltage tests. It is evident that in either case a high-speed photo- 
graphic recording of the test is desirable, and, furthermore, 
that the subsequent stripping down after the high-voltage tests 
should be carried out under close supervision by experienced 
observers—much as has been standard practice for many years 
with considerable advantage following bending tests on high- 
voltage cable during sample testing at manufacturers’ works (in 
accordance with B.S. 480 and with British Electricity Authority 
and other cable specifications). 

Whether replica or full-stator type-testing (or either) is eventu- 
ally adopted will no doubt depend upon economic aspects as well 
as upon technical and other points of view. Perhaps the authors 
can give us some idea of the relative cost of these two approaches 
—but I would seriously suggest that unless it can always be shown 
to customers’ engineers, or to independent consulting engineers 
acting on their behalf, that in each case tests made on a replica 
really are representative of similar type tests made on an actual 
alternator, the latter would naturally tend to give more confidence 
than the former. The authors themselves outline these diffi- 
culties and express doubts in this connection in Sections 2.2 
and 4 of the paper, and although in their Conclusions and 
Recommendations they evidently look upon routine testing with 
disfavour—and yet in the same paragraph refer to the high cost 
of manufacture and testing of a replica—they nevertheless do not 
discuss or compare the relative cost of this with testing a fully- 
wound stator and then dismantling and re-winding it for service 
as suggested above. 

Mr. M. Waters: In the end-windings described short-circuit 
forces not only stress the copper well past its elastic limit but also 
bruise the insulation, and the movement of the conductors is 
such as to exclude any possibility of calculating the mechanical 
stresses. Design must be by rule of thumb, and short-circuit 
tests are necessary to prove every winding. 

I suggest that a construction should be sought in which the 
conductors are rigidly held at a sufficient number of points to 
enable the stresses in the copper and insulation to be calculated. 
This might require a radical change in the methods of supporting 
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the conductors, but if it could be successfully carried out it would 
eventually eliminate the necessity for short-circuit tests except 
perhaps as type tests. 

Mr. N. G. McCullagh: Mr. James mentioned that we must 
bear in mind when testing new alternators, that they should have 
a long life, during which time deterioration will occur in the 
various insulation materials of the machine. I think the point 
was very well made, and it emphasizes the fact that we must do 
everything we can to reduce deterioration of the winding 
supports, and in the insulation itself. 

Mr. Winfield spoke of the use of string and wood in the end- 
windings of machines. I think that he was perhaps really 
expressing the view that the end-winding support system is not 
susceptible to exact calculation. In fact, the materials at our 
command have improved. We now have available glass cord 
instead of string; glass is a more reliable material with known 
properties and it suffers less from deterioration. We also have 
materials which are far superior to natural wood for the support 
brackets themselves, materials whose properties are known and 
which do allow us to make a more definite attempt at calculating 
the behaviour of the support structure. 

Another speaker asked whether different support construction 
was used to provide very rigid support for the straight portion 
of the coil outside the slot. I think that within the limitations 
of the ventilation requirements of the machine a great deal can 
be done at that point, and also the bracket system outside, which 
supports the evolute, can be redesigned within the limits of the 
ventilation requirements to give a more rigid and permanent 
structure which will not suffer from deformation or from loose- 
ness in after-life. 

I feel that the alternator is changing in regard to the materials 
and the amount of design attention given to the end-winding 
supports. I am sure these improvements will enable us to 
provide end-winding supports of sufficient strength and stability 
on the larger alternators which are coming into use in the near 
future. 

Prof. M. G. Say: The basic expression is eqn. (2). Eqn. (1) 
is largely irrelevant, and in any case is given in units that could 
hardly be more heterogeneous. A fundamental expression 
should be in a single consistent system of units. 

Unlike other speakers, I think that the authors’ analysis is of 
considerable value, not only as estimating the magnitudes of the 
forces, but even more their directions. This should make it 
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Mr. W. D. Worthy: The ageing of machine windings must be 
due partly to chemical deterioration of the insulating materials 
and partly to the cumulative effect of stress reversals caused by 
electromagnetic forces, thermal effects and vibration. As with 
fatigue in metals, it is probably true that the ageing effect pro- 
duced by stress cycles increases very rapidly with the magnitude 
of the applied stress. The few cycles of excessive strain imposed 
during the short-circuit overloading may contribute as much to 
the ageing of the insulation as all the electro-mechanical and 
thermal stresses imposed in several years of normal running. 

Any measures taken to avoid the imposition of large strains 
must surely increase the expectancy of life of a machine. 

The measurements and analysis of the stresses and distortions 
produced in the windings of this alternator and the model have 
been very illuminating. The writhings of the conductors shown 
on the high-speed cinematograph film provide striking con- 
firmation of the need for the attention that has been given in 
the paper. 

I was surprised to observe the very large eecletane displace- 
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possible to attack the bracing problem anew, as may be urgen | 
necessary when 200 MW machines are called for. 

Would it be possible to open out the slot ends for the last fe} 
centimetres to avoid the sharp transition from the well-supporte¢ 
slot-conductor to the much weaker end-conductor? In a tell 
communication phrase, the slot and end portions would be bette 
“‘matched.”’ 

Would a designer without 50 years of works practice behi 
him tackle this problem in the present fashion? Perhaps an e 
construction in which the conductors are clamped into shallo’ 
slots cut into solid insulating cones might be possible if th 
ventilation could be well arranged. Some method not relyin 
on small blocks tied in with string seems essential. 

Prof. C. E. Moorhouse (United States; communicated): It 3 
to be hoped not only that the authors will be able to carry ou 
further investigations with the “‘replica”’ described, but also th 
this combination of design and experiment will become muc! 
more common than has previously been the case. 

Tests carried out with the replica under steady-state conditions 
also could be of considerable value in establishing more rationat 
expressions for the computation of the end-turn leakage reactanca 
of the stator windings. It is not surprising when one consider 
the mathematical difficulties inherent in the complexity of the 
configuration that no really valid expression for this quantity haz 
been derived, but it is disconcerting to find that little or n¢ 
experiment, as distinct from estimation guided by the apparen. 
results of tests on actual machines (usually performed for other 
purposes), has yet been carried out on a useful scale. 

One is led to wonder why the second displacements [curves (a) 
(b), (c) of Fig. 6] are greater than the first ones, when presumably 
the actual currents flowing are somewhat less. 

Do the authors consider that these displacements are large 
because the constraints are less—slackness in bindings—or have 
the coefficients in the force expressions changed because there is a 
new configuration of the coils, since some of the displacements 
appear comparatively large. Could further useful information 
on this point be obtained: by the use of strain gauges on suitable 
portions of the actual windings or on spacers located between 
the coils? 

Is the “positive” direction of the circumferential displacements 
to be interpreted as the direction of rotation of the rotor? 


[The authors’ reply to the above discussion will be found on 
page 119.] 


AT STAFFORD, 22ND NOVEMBER, 1954 


ments of the end-windings in the region close to the stator slots. 
Is it not possible to include more blocks and strapping in this 
critical position to distribute the forces and relieve the pressure 
on the conductors where they enter the slots? 

Mr. R. G. Hill: I think the authors have shown very con- 
vincingly that application of an instantaneous 3-phase short- 
circuit to a turbo-alternator from 100% normal voltage is 
unnecessarily severe. It seems to me that two issues are involved 
—first, some test is necessary to prove the design of the bracing 
of the stator overhang, and secondly, some test is necessary to 
prove that the workmanship in the bracing is up to standard. 

Do the authors consider it necessary to build a replica, similar 
to that described in the paper, to test the design of the bracing in 
each case? I wonder also whether they would care to comment 
on the idea of short-circuit tests below normal voltage to prove 
the workmanship, and how they would decide what value of 
voltage should be used for this test. 

Mr. D. K. Arkwright: Before asking for a relaxation of the 
short-circuit test, we should perhaps remember that the test from 
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full voltage on open-circuit may already represent a relaxation 
from the worst possible service condition, when the machine is 
short-circuited on load. The internal e.m.f. of the machine is 
then greater than its rated terminal voltage, and the initial short- 
circuit current and force are correspondingly higher. 

I would, however, Suggest an alternative approach. The 
authors have shown that a direct short-circuit is not now likely 
In practice. Nevertheless, it remains a possibility. On the other 
hand, there seems not even the possibility of a machine in service 
having to withstand a voltage corresponding to its high-voltage 
test. It would therefore be more logical to carry out the normal 
short-circuit test, at customer’s request; but, since the machine 
windings after the test cannot be regarded as being in a new 
condition, to reduce the subsequent high-voltage test. 

Mr. E. Bolton: Have the authors any information on the effect 
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of a large number of smaller short-circuits on the insulation at 
the overhang, which is the more usual case in service? 

Is it possible that the repeated flexing of the insulation will 
lead eventually to breakdown, even though the conductors do 
not show permanent deformation? Is there any evidence from 
machines which have broken down in service that faults have 
occurred from this cause? 

I would be interested to hear whether the authors feel that any 
of the more recent developments in insulating materials would 
be more suitable for the end-windings where the relative brittle- 
ness of the conventional mica insulation exaggerates the serious- 
ness of coil movement. 


[The authors’ reply to the above discussion will be found on 
page 119.] 
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Mr. P. Richardson: In an effort to bring home the nature of 
the problem discussed by the authors, it might be as well to 
point out that a 200 MW 0-8-power-factor generator having a 
reactance of 123% will deliver a fault power of 2000 OO0KVA. 
This is very similar to the output which is obtained from Switch- 
gear-testing generators, and at first sight it appears that there are 
strong grounds for recommending that the severity of the sudden 
short-circuits applied to generators, particularly those of larger 
output, should be reduced so as to avoid damage. 

While it is agreed that the more obvious signs of movement 
are to be observed in the end-windings of a generator, it should 
be realized that the forces on the conductors within the slot are 
fairly severe. As pointed out by the authors, where the slot 
contains coil sides of different phases, there is a repulsive force 
tending to drive the top conductor into the air-gap. Where the 
conductors in the slot are of similar phase there is a force towards 
the bottom of the slot and this cannot be discounted. I have seen 
a cross-section through the bottom slot, built up with conductors 
removed from a short-circuit testing generator built in about 
1929, in which the conductors in the slot were of a similar phase. 
It was apparent that the constant hammering of the conductors 
towards the bottom of the slot had damaged the slot insulation. 
It is, however, well known that when Micanite is bent through 
90°, cracks are likely to form, and later designs were modified to 
avoid such distortion of insulation. The commercial type of 
turbo-alternator, however, is of somewhat different construction, 
in that the conductor consists of a series of thinner strips each 
of which is insulated to minimize eddy-current losses, and 
careful bonding and insulation of such conductors is necessary 
0 avoid impact damage under fault conditions. 

The experience gained on a series of short-circuits on the 
90 MW 60c/s machine for Canada is most instructive. If I am 
-orrect in my assumptions that the test circuit was set at 47kA 
O represent a full-voltage short-circuit condition, the reactance 
of the generator was only just over 6% at full voltage. Tests on 
he experimental stator indicated that up to currents equivalent 
o a half-voltage short-circuit, the deformations were elastic, 
here being no permanent deformation, and it seems that had the 
enerator been designed with a reactance of the order of 124% 
ifficulties would not have ensued. It is interesting that the 
amage to conductors occurred at the end of the stator core 
wing to circumferentially directed forces. Would the authors 
ay whether the faults were more or less uniformly distributed on 
ither side of the conductors or whether they indicated that the 
ircumferential displacement had been in a similar sense in 
ach case? : 

The position of the faults and the nature of the movement 
bserved lead one to ask whether the alternator could not 


have been designed so as to be capable of withstanding the 
sudden short-circuit test. As the authors will no doubt be 
aware, I am a supporter of the insulation known as flexible, 
in which the mica flakes constituting the conductor insulation 
are bonded with a non-drying varnish which retains quite a 
large degree of flexibility as opposed to varnishes which are 
comparatively hard and brittle at the temperature normally 
obtaining when a sudden short-circuit test is carried out. In 
addition I consider it to be good practice to insert an insulating 
sleeve around the conductor where it passes through the end 
sections so as to reduce the rate at which the mechanical support 
of the conductor changes from the iron of the slot to whatever 
is provided in the end-windings. 

The circumferential displacement of the knuckles is pro- 
portional to the forces applied; it also depends upon the strength 
of the conductor. If, for example, the conductors were built up 
with pairs of strips lying side by side, instead of with a single 
strip of twice the width, then the moment of resistance would be 
only one-quarter of that of the full strip; this, of course, pre- 
supposes that the bond between pairs of strips lying side by side 
is negligible, and I doubt whether it is practicable to make a very 
effective bond. 

I have seen photographs which illustrate the movements which 
have been observed in the end-windings of alternators, made in 
the United Kingdom, under fault conditions. The background 
of this fault is rather important in that a flashover in the end- 
windings occurred on a machine which was situated in Canada, 
and the resulting carbonization due to fire and arcing necessitated 
stripping of the end-windings at the exciter end only. In order 
to save time the purchaser arranged to have the end-windings 
re-insulated and replaced by a firm of electrical engineers in 
Canada, but shortly after recommissioning a similar fault again 
occurred in the end-windings of the exciterend. The photographs 
showed the nature of the distortion observed in the end-windings 
after the second fault. No movement of the end-windings had 
occurred in the end-windings of the exciter end. The photo- 
graphs showed the nature of the distortion in the end]windings 
applied to the end connections, together with a failure to ensure 
adequate radial packing. 

The winding used in this machine was a standard type of 
winding used for many years and it had a naturally high reactance. 
With the advent of hydrogen cooling and the higher ratings 
associated with such machines, the form of ‘construction was 
changed to a winding similar to that illustrated in the paper. 
It was realized that the reactance of such a winding tended to be 
less than that of the previous type of machine and arrangements 
were therefore made to incorporate some additional length in the 
reactance slot, so as to maintain a satisfactory value of reactance. 
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One consequence of this was that the stator weights were appre- 
ciably higher than could have been offered if a lower reactance 
had been considered acceptable by the designer. The first of 
a number of 60MW hydrogen-cooled generators was subjected 
to a full set of short-circuit tests without any apparent movement. 
It should be explained here that the end-windings of all these 
alternators were completely impregnated, so that, in addition to 
providing a more effective bond between the conductors and 
their packing, it incidentally left a continuous varnish film over 
the surfaces of the end-windings so that movement sufficient to 
open up the varnish film was readily detectable. 

I agree that the arguments put forward by the authors relating 
to the reduction of fault current due to arc resistance are reason- 
able. On the other hand, it was only recently that in Scotland a 
circuit-breaker was closed in a power station when the earthing 
bar was still in position. During the 1939-45 War barrage 
balloons had a habit of drifting across the overhead lines. We 
have had generators synchronized 180° out of phase on the 
busbars—without, incidentally, resulting in a rewind—so the 
possibilities of a direct fault without the modifying effect of the 
arc resistance seem to be present. 

It may be of interest to refer to a switchgear-testing generator 
manufactured in the United States in which the end-windings are 
similar to those in Fig. 5, except that they are arranged axially 
instead of at an angle to the axis. These windings are actually 
bolted to a non-magnetic steel plate fitted around the back of the 
end-winding. The short-circuit output is 1:62MVA at 15:5kV 
and the winding insulation is equivalent to a 26-:5kV 3-phase 
machine. While it is agreed that the provision of adequate 
ventilation to ensure a continuous rating would present a problem, 
it does show what can be done. 

It appears logical to limit the short-circuit test voltage where 
the alternator is connected direct to a generator transformer, as 
will be the case on most of the large units. However, where there 
is no generator transformer between the generator and the 
busbars, I still feel that a full short-circuit test is justified. Short- 
circuit tests may be regarded as a yardstick of manufacture, 
somewhat similar to high-voltage tests, and whatever may be 
agreed in the way of reducing test conditions, the designer must 
continue in his efforts to produce a generator which is capable of 
withstanding a full-voltage short-circuit. 

Mr. D. J. Marsh: The authors state that in modern installa- 
tions of the unit-construction type, short lengths of busbars or 
cables are used to the step-up transformers, and the likelihood of 
faults occurring near the machine terminals is more remote than 
under the conditions obtaining when B.S. 225 was originally 
prepared. This, of course, is true, but we must not neglect these 
possible faults and should ensure that machines are capable of 
withstanding them without damage. 

It has also been stated that rigid bracing of end-windings 
becomes increasingly difficult as the rating and consequent over- 
hang winding-lengths increase. This is true only in machines 
using small-angle involute windings. It is not true where the 
concentric or 90° involute type of end-winding is employed, since 
these can be clamped, with no extra difficulty, to the core end- 
plates with insulated non-magnetic steel studs. 

On the question of the magnetic fields in end-windings from 
which short-circuit forces result, it may be argued that the strength 
of these fields could be further reduced by the use of additional 
non-magnetic materials. However, this would have the effect 
of decreasing the end reactance, thereby, of course, increasing 
the fault currents and resulting short-circuit forces. 

An increase in the quantity of magnetic material in the end- 
windings would reduce fault currents but increase the stray 
losses. As stray losses are present under normal service con- 
ditions it is the designers’ primary duty to keep these low and 
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thus to produce machines which have a high efficiency under 
normal healthy service conditions. Perhaps one day our suc- 
cessors will arrange to fit special “reactance-increasing attach- 
ments” just prior to the occurrence of fault conditions. 

I am surprised to learn that sufficient end-winding movement 
took place during a 75%-rated-voltage sudden 3-phase short- 
circuit to cause insulation breakdown on the standard 60 MW 
machine mentioned by the authors. Perhaps I have been very 
fortunate in that, of the many large alternators I have seen sub- 
jected to repeated 100%-rated-voltage sudden 3-phase short- 
circuits, the subsequent voltage tests to B.S. 225 have been 
satisfactory. 

Perhaps the authors would be good enough to give us some 
actual figures of the forces in magnitude and direction under 
various fault conditions. It is to be hoped that they will regard 
this only as an interim report and will go on from strength to 
strength in their researches into this subject. It is a subject 
which at present defies exact analysis, and is confirmation that 
the prediction of performance of turbo-alternators is not yet a 
mathematical science but rather a satisfying and creative art. 

Mr. P. Olsen: Up to the present time the design of end-winding 
supports appears to have been, owing to the complexity of 
analytical treatment, based on trial and error. In other words, 
a sudden short-circuit test was applied to a machine, the windings 
were examined for movement and electrical voltage tests were 
applied to see if the insulation had been damaged. This method 
of approach has been quite satisfactory, but of course it is very 
necessary to cater for changing conditions and it is as well to 
review the methods which have hitherto been accepted. 

The analytical treatment outlined in the paper forms a useful 
basis even for this difficult problem, and the evidence which the 
authors have put forward will enable machine designers to have 
a clearer picture of what is required. It appears that the start 
of the authors’ investigations occurred at a time when difficulties 
were being encountered as detailed in Section 3.1, and it would 
be interesting if the authors could state the comparative peak- 
current values of the particular machine in question compared 
with machines previously built. It is possible that there may 
have been some complacency in this case and that failure to realize 
the new conditions has given rise to the difficulties. It would 
have been interesting to have details of the bracing employed 
originally on the machine in question and to know whether these 
were specially designed or whether normal methods were applied. 
It is noted that considerable modification was made to the end- 
winding supports and it was presumed that this was done without 
appreciably affecting the ventilation of the end-windings. It 
therefore appears that the bracing was inadequate in the first 
place and had not been proved. 

It is felt that the function of the model tests should be to 
prove new designs of end-winding support and packing arrange- 
ments, but this should not preclude type tests on the actual 
machine. The model tests, according to the authors, are more 
rigorous than a test on a machine, but it would be interesting to 
know whether the overturning moment on the model has been 
measured at any stage. One feels that the absence of the field 
system does not produce the interacting forces which tend to 
twist the machine stator with the resulting pressure on the side 
of the slot exerted by the conductors. If the model tests produce 
greater forces on the end-windings than a machine test, one would 
have thought that the number of faults produced on a model 
would have been at least equal to those produced during the 
machine test. The authors state quite definitely, however, that 
the model successfully withstood the pressure tests even after a 
considerable number of tests were carried out. 

Sudden short-circuit tests at full voltage have not, so far as is 
known, been responsible for insulation breakdown in service, 
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and there must be a fairly large number of machines which have 
undergone the tests which the authors consider are too rigorous, 
but which are still quite sound after many years of operation. 
On the other hand, full-voltage short-circuit tests have shown up 
constructional weakness not directly related to the particular 
design of bracing. One such case was that of a machine where 
the scarf joints in the insulation had not been properly made, 
and it is felt that had the two sudden short-circuit tests not been 
applied, this would have gone undetected and, doubtless, the 
fault would have shown up at a later stage. It should be borne 
in mind that the windings of large machines can be subject to 
vibrations which, while not appearing to be severe, can unsettle 
the supports, the packing and the insulation itself. 

Mr. D. Riach: It seems to be regarded that a 3-phase short- 
circuit at the turbo-alternator terminals, with 100° voltage, is 
the most severe short-circuit that the turbo-alternator might ever 
have to withstand in service. This, however, disregards the fact 
that in actual service the voltage could rise to as much as 150% of 
normal if the load were thrown off with the excitation on manual 
instead of automatic control. I suggest that the short-circuit 
tests at the works should be at 125°% of normal voltage in order 
to obtain a more adequate appraisal of the mechanical and 
electrical strength of the windings. 

Mr. D. F. Davidson: The authors suggest that it is becoming 
more difficult to brace the end-windings of the very large 
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Messrs. J. B. Young and D. H. Tompsett (in reply): Many 
contributors to the discussion have referred to the extremely good 
record of alternator performance in withstanding full-voltage 
short-circuits and subsequent high-voltage tests. This confirms 
our Own experience and indicates that machines generally have 
been designed with adequate mechanical margins. Most re- 
presentatives of turbo-alternator manufacturers have agreed 
with our view that full-voltage short-circuit tests nevertheless 
cannot fail to have some detrimental effects on the insulation. 

On the other hand, in supporting the practice of carrying out 
such tests, Mr. James and Mr. Olsen maintain that there is no 
correlation between machines on which short-circuit tests have 
been applied and the incidence of failures of generators during 
their operational life. Because of the relatively small number 
of faults which could, in any case, be attributed to the results of 
such tests, a large number of records would have to be available 
before the conclusion quoted above could be considered 
statistically sound. Even if this correlation is only small, the 
increased probability of a forced plant outage, with its attendant 
expense, must be set against the hypothetical value of the test. 

Mr. James is frank in his admission that he may be biased 
in his views on short-circuit testing because of his early training 
on smaller machines. Many purchasers may have similar feelings, 
and it is chiefly to these that we wish to appeal for reconsidera- 
tion of their attitude. Several speakers appear to have an 
entirely wrong impression of our recommendations; Mr. James 
refers to a reduced factor of safety on the windings, but as stated 
in Section 7, it is not intended that any relaxation in bracing 
effort should be permitted. The machines would still be designed 
to withstand the assessed forces corresponding to a solid 3-phase 
short-circuit from full voltage, but our contention is that such 
a severe test should not deliberately be applied to the windings. 

Mr. James mentions that American practice is not to specify 
short-circuit tests on production machines, and it is fair to say 
that from the point of view of coping with short-circuits in 
service, an alternator which has not been deliberately short- 
circuited would in fact have an increased factor of safety. 
Our recommendation therefore agrees with long-established 


Walks) 


alternators without severely interfering with the flow of cooling 
gas between the coil ends. This is certainly true for conventional 
designs. When cooling is carried out by circulating the coolant 
ata high pressure through passages inside the conductors, which 
is a feature of the latest American designs, this limitation does 
not arise, and it is possible to incorporate additional packing 
blocks to obtain a very solid end-winding structure. Another 
advantageous feature of the designs with inner cooling is the 
inherently high reactance obtainable with increased electric 
loading. 

The coil numbers corresponding to the line and neutral ends 
of each phase are not marked on Fig. 4. Were the coils which 
broke down after the short-circuit test near the line terminals? 
Was there any indication that running for several hours on open- 
circuit above normal voltage had caused further deterioration in 
already weakened insulation? 

The authors emphasize the important fact that the magnitude 
of any short-circuit currents in practice will be less than those 
resulting from a solid short-circuit at the machine terminals. 
Their proposal that the works test should consist of a flash-over 
initiated by fuses appears rather alarming. The authors’ com- 
ments on their method of applying this test and the consistency 
of the results would be appreciated. 

Some details of the movement-recording devices used during 
the test programme would also be of interest. 


THE ABOVE DISCUSSIONS 


American practice. We feel sure that if Mr. James examined 
the end-winding bracings on alternators of American manu- 
facture he would agree that they are not mechanically superior 
to those constructed in this country; yet presumably they give 
satisfactory service. We understand that the special American 
machine described by Mr. Richardson has a 4-pole stator winding 
in which the problem of bracing is less severe. 

We do not deny that terminal flashovers can occur, but proper 
control and design of the busbars, etc., at generator voltage 
should minimize this possibility—particularly such incidents 
as those mentioned by Mr. Carfrae and Mr. Richardson, or 
the circumstances envisaged by Mr. Riach. We agree with 
Mr. Horsley and Mr. Arkwright that, whatever the nature of 
the fault, the forces will be slightly greater on a loaded machine 
at a given voltage than on an unloaded machine, since the 
relevant internal voltage of a loaded machine will be slightly 
higher than on open-circuit. 

Reference has been made by Mr. Horsley and Mr. Hill to the 
necessity for proving the general manufacturing standard of any 
machine, and with these views we are in full accord. It is our 
belief that this can be satisfactorily demonstrated by a short- 
circuit test at less than full voltage, coupled with a thorough 
inspection of the workmanship involved. 

We do not agree with Mr. Winfield in his assumption that the 
short-circuit forces on 180 MW and 60MW alternators will be 
in the ratio of four to one. As Mr. Horsley and Mr. Davidson 
remark, owing to the higher electrical loading on “‘inner-cooled”’ 
machines, the percentage subtransient reactance will be appre- 
ciably higher than in conventionally cooled designs. In fact, 
the forces on the first 200 MW alternator to be ordered in this 
country are estimated to be approximately 90% of those in a 
100 MW machine, for which a replica stator has already been 
constructed and successfully tested; no difficulty should there- 
fore be encountered in this respect on these larger machines, 
particularly as the ventilation conditions permit more solid 
blocking of the end-windings. 

The subtransient reactance of the 60 MW alternator referred 
to in the paper is unusually low; the normal expedients for 
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increasing reactance could not be applied on account of weight 
and dimensional shipping limitations. Further, the actual 
reactance was lower than that expected, with a resultant increase 
in the short-circuit forces. In spite of this, the records described 
in Section 3.1 indicate that very little visual evidence of damage 
was apparent following the short-circuit tests. 

A number of speakers refer to the value or otherwise of the 
analytical work which forms part of the investigations reported 
in the paper. The distribution of the end-winding forces is 
amenable to approximate calculation but, as stated in Section 2.2, 
no attempt was made to evaluate precisely the resultant con- 
ductor movement and the damage to the insulation. This 
information on the forces, together with results obtained on the 
replica, enables tests to be performed on individual coil samples 
without the expense of constructing further complete replicas. 
We should be interested to know what other approach to the 
problem Mr. Winfield has in mind in the design and development 
work which he rightly advocates. He and other speakers 
criticize the replica as probably not being representative of the 
workmanship in a production machine. Every effort was made 
during its manufacture to minimize any differences in this 
respect; the original decision to construct a full-size representa- 
tion, and not a “model,” was to validate comparisons between 
the replica and the actual machine. The same sort of comparison 
exists between individual alternators where the practice is adopted 
of short-circuiting only one machine of an identical series. 

There are a number of specific inquiries relating to the replica 
and the tests carried out on it. In reply to Mr. Kilner we believe 
that the method of attaching the conductors to the supporting 
structure was as great an improvement as that effected in the 
structure itself. A construction which effectively constrains the 
outer layer of winding in both the radial and circumferential 
directions is a primary requirement; the inner layer must then 
be fixed in position as rigidly as possible: Mr. Kilner’s observa- 
tions and illustrations are of interest in this connection, but it 
appears that the bracing method shown would be more effective 
in constraining radial rather than circumferential forces. We 
should be interested to see a film of winding movement with this 
type of bracing. We do not believe there are significant differences 
between the maximum forces on the two layers, but the difference 
in constraints may lead to greater movements on one than on 
the other in particular cases. 

Mr. Kilner makes a valid point in drawing attention to the 
temperature of the windings at which a short-circuit test should 
be carried out; we wonder whether those who favour such tests 
would even object to the windings being warm on the grounds 
that a machine in service might only just have been put on load 
when experiencing a fault. 

We confirm that Mr. Carfrae is correct in thinking that the 
replica conductors were insulated precisely as those in the 
alternator. He and Mr. Dunn raise queries about the relative 
cost of a replica for end-winding tests. Our experience indicates 
that the cost of constructing a replica is of the order of 10% of 
that for the complete alternator, while to strip and rewind a 
stator after a short-circuit test, as suggested by Mr. Dunn, would 
cost about twice this amount. 

Mr. Olsen is correct in thinking that the overturning torque 
on the stator is not reproduced in the replica. However, the 
forces in the slotted length of the armature core act mainly on 
the iron surfaces and not on the copper conductors, so that the 
pressure exerted by the conductors on the side of the slot is not 
as great as might be imagined. In this connection we agree with 
Mr. Richardson’s remarks that the radial forces in the slots 
cannot be ignored in the design of turbo alternators. In the end 
region the field coils lie beneath the retaining ring and change 
their direction from axial to circumferential as illustrated in 
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Fig. 13(a). The effect of the rotor currents is represented ir 
Section 10.2 by the current sheet introduced at radius R;. Some 
discussion on the effects of these currents also appears ir 
Reference 1 of the paper. 

Regarding Mr. Olsen’s point about the relative number 0: 
coil-insulation failures in the machine and the replica, it shoulc 
be recalled that additional strengthening was applied to one enc 
of the latter as described in Section 4.1. A second series 0: 
short-circuit tests produced subsequent insulation failures in al 
three phases. 

In reply to Mr. Davidson, the line terminals in the inner layet 
of winding in Fig. 4 were located at coils 10, 11; 30, 31; 50, 51— 
there being two paths in parallel through the winding. The 
original failures in the alternator followed a 100% voltage short- 
circuit as stated in the paper (not 75% as suggested by Mr 
Marsh) and occurred at coils 9 and 22 in the inner layer and 6 
in the outer layer. The significant point is that all these coils 
are near the edge of a phase band, 9 being towards the line enc 
and 6 and 22 near the neutral. During the high-voltage test: 
the line and neutral terminals of each phase were short-circuitec 
so that no particular significance attached to which end the 
failure occurred. There was no evidence that operation of the 
machine at above normal voltage had caused insulatior 
deterioration. 

We agree with Mr. Horsley that the value of subtransient 
reactance depends upon the voltage from which the test is carriec 
out. The percentage figures referred to in connection with the 
replica tests were based on the current obtained in the full- 
voltage short-circuit on the machine, this being taken as 100%. 

Two different types of device were constructed for the purpose 
of recording the conductor movement, both being actuated 
through a pivoted arm from a driving bar clamped to the con- 
ductor. In one type a small coil was movable in a 2kc/s field 
produced by four suitably positioned exciting coils supplied from 
a 2kc/s generator. The instantaneous position of the moving 
coil in the 2kc/s field determined the 2kc/s voltage induced in it, 
and this was recorded on a Duddell oscillograph. The other 
type of device consisted of two sets of parallel plates one of 
which was moved by the driving arm. The capacitance between 
the plates was used in an oscillator circuit producing a signal 
on a Duddell oscillograph which was a measure of the change 
in capacitance. Both types of unit were calibrated directly using 
a micrometer head to actuate the driving arm and enabling the 
oscillograms to be interpreted in terms of the conductor 
movement. 

Prof. Moorhouse raises interesting points in connection with 
the estimation of end-winding leakage reactance. The calicula- 
tions and measurements on the magnetic-field distribution pro- 
vide information towards computing both reactances and stray 
losses in this region. The comments made by Mr. Marsh in this 
connection are also of interest. We interpret Fig. 6 as indicating 
that the bindings are loosened on the first impulse so that on the 
subsequent cycle the lower force is able to produce a larger 
deflection. In Section 3.2 it is mentioned that positive deflection 
in Fig. 4 refers to contra-rotational movement on the inner layer. 
Mr. Marsh will find that Fig. 4 also gives some indication of the 
peak circumferential forces; Fig. 3 gives some relationships in 
terms of the actual conductor currents. 

Interesting points are raised by Mr. Worthy in connection 
with the cumulative effects of cyclic stressing on insulation, and 
by Mr. Bolton on the question of the effect of the numerous 
short-circuits of moderate severity which an alternator ex- 
periences in service. These are considerations which must be 
borne in mind in attempting to reconcile the mechanical properties 
of insulating materials with the performance required to with- 
stand the short-circuit forces, 
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SUMMARY 


The paper describes equipment which has been developed to measure 
the temporary distortions and disturbances which the shaft of a turbine 
may undergo, particularly during the starting-up period and when 
sudden changes of load occur during running. 

All measurements are made electromagnetically on a disc fitted to 
the shaft of the high-pressure unit, and are indicated and recorded 
continuously. 

An additional unit has been developed which indicates and records 
the speed of the turbine, so that shaft disturbances and speed can be 
correlated easily. 

The equipment includes a cathode-ray oscillograph which, when 
plugged in to the measuring circuits, produces on its screen a trace 
of the locus of the shaft centre, and permits investigation of abnormal 
disturbances of the shaft. 

Some of the records obtained with the equipment under operating 
conditions are included in the paper. 


(1) INTRODUCTION 


Equipment for measuring and continuously recording the 
temporary distortions which the shaft of a turbine may undergo 
and the speeds at which they occur has become of increasing 
importance, owing to the trend towards using larger units working 
at higher steam temperatures and pressures. The study of such 
records would enable any progressive deterioration to be 
detected and permit a subsequent analysis of the machine’s 
performance. 

In developing equipment for this purpose it was specified 
that it should have life and reliability similar to those expected 
of heavy power-station equipment, and to meet this requirement 


new principles of design were used which distinguish the equip- . 


ment from that used by previous investigators in this field.!-*»3 


Turbine engineers consider that the most important measure- 
ments are the axial differential expansion of the shaft with 
respect to the casing of the high-pressure unit, and the motion 
of the shaft centre at the end of the high-pressure rotor with 
respect to the bearing housing. The differential expansion occurs 
because the rotor, with its smaller weight and heat capacity, 
changes temperature more quickly than the casing, while the 
motion of the shaft centre may result from a variety of causes, 
such as misalignment, instability of the bearing oil-film, or slight 
temporary distortion (bending) of the high-pressure rotor 
resulting, for instance, from incorrect barring procedure. 

The equipment indicates and records four quantities: 


(a) The vertical eccentricity at the end of the shaft. 

(b) The horizontal eccentricity at the end of the shaft. 

(c) The differential axial movement of the end of the shaft 
with respect to the casing. 

(d) Rotational speed of the turbine shaft. 
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In addition, the equipment indicates the mean position of the 
shaft journal with respect to the bearing and its oil film, in both 
vertical and horizontal directions, 

Also an auxiliary instrument has been developed, for occasional 
use during special technical investigations, which displays to an 
enlarged scale on the screen of a cathode-ray oscillograph a polar 
diagram of the motion of the end of the shaft. 

The paper describes the measurement of temporary distor- 
tion of the shaft, the measurement of shaft speed, and gives 
details of operating experience. 


(2) DETECTION OF SHAFT ECCENTRICITY AND 
DISPLACEMENT 


(2.1) Principles of Measurement 


A steel disc is fitted coaxially to the part of the shaft which 
overhangs beyond the outer bearing. Around this disc are 
disposed three pairs of iron-cored coils or inductors supported 
from the bearing housing, as shown in Fig. 1. Each pair of 
coils, e.g. coils AA on the vertical axis, form opposite arms of 
a bridge circuit, the other two arms being resistors. The vertical 
component of any movement of the disc with respect to the 
bearing housing, such as eccentric motion caused by bending of 
the shaft, will change differentially the air-gaps, and hence the 
inductances, of the two coils, and thus affect the state of balance 
of the bridge. Similarly, the bridge which includes coils BB 
will be sensitive to any horizontal movement of the disc. These 
two coils are placed slightly below the horizontal axis to enable 
the shaft to be removed and replaced without disturbing them. 
Coils CC are placed in front of and behind the disc, and form 
part of a bridge for measuring axial displacement. 

Although it would be possible to supply the bridge circuits 
from a d.c. source, the resulting readings would be affected by 
both amplitude of motion and rotational speed, and it would 
not be easy to separate the effects of these variables. The 
bridge circuits are therefore excited by high-frequency alter- 
nating current. The movement of the shaft causes a modulation 
of the high-frequency signal that may be conveniently separated 
to give a reading of eccentricity or displacement that is un- 
influenced by the speed of the machine. 


(2.2) Circuit Details 


Identical circuits are used for detecting the vertical and 
horizontal components of the radial motion, and Fig. 2(a) is a 
simplified diagram of one of them. 

It is necessary for the frequency of the power supply to the 
circuits to be at least 20 times that of the motion to be measured. 
Since the eccentric motion is cyclic, of frequency equal to the 
speed of rotation, and the normal speed is 3 0001r.p.m. or 
50 c/s, a power supply with a frequency of approximately 
1 000 c/s was chosen, and is fed at 120 volts to the bridge circuits. 

To avoid ambiguity of reading the bridge circuits are not 
balanced, but are biased so that they always work on one side 
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Fig. 2.—Circuit showing the basic principle of detection of eccentricity of the shaft. 


(a) Simplified circuit diagram. 
(6) Waveforms at various points. 


INDICATION OF SHAFT DISTORTION IN STEAM TURBINES 123 


of the null point. Thus when the turbine shaft is at rest the 
out-of-balance voltage at AA may be represented by the carrier 
wave shown at A; in Fig. 2(6). As the shaft turns, not only 
may its axis rotate eccentrically, but also its mean position may 
move relative to the coils. The first of these motions has the 
effect of varying cyclically the detector-coil impedance and hence 
the out-of-balance voltage, so that the carrier wave is modulated 
as at A, in Fig. 2(b), the depth of modulation being proportional 
to the shaft eccentricity. The second motion of the shaft, i.e. 


of its mean position relative to the two coils, also changes the. 


air-gaps of the coils, provided that the movement is towards or 
away from them. However, since the motion in this case is not 
related to the shaft speed and is relatively slow, it alters the 
mean value of the carrier wave, and a modulated waveform 
similar to A, in Fig. 2(b) may result. 

The shaft motion is now represented electrically at the output 
terminals of the bridge by a modulated carrier wave, and the 
function of the rest of the circuit is to translate this wave pattern 
into a form suitable for measurement by ratiometer instruments. 
The modulated carrier is first passed through an isolating 
transformer of suitable frequency response, which prevents 
interference between the modulation in the vertical and horizontal 
detection circuits. The modulated carrier, as represented by 
Ay in Fig. 2(4), is then fed to a bridge rectifier circuit, whence 
1t emerges as the waveform B. This signal is passed through a 
low-pass filter to remove the high-frequency components, leaving 
a low-frequency a.c. signal superimposed on a d.c. signal, the 
latter being proportional to the mean bridge out-of-balance, i.e. 
to the mean shaft displacement. The d.c. signal is measured 
at this point by a ratiometer ammeter calibrated from —0-02 in 
to +0-:02in with a centre zero. Zero adjustment is provided 
by a potentiometer incorporated in the bridge circuit. 

Reverting to the eccentricity detection, the stage is reached 
at CC, in Fig. 2(a), where the mean shaft displacement has been 
indicated as a d.c. signal, leaving the low-frequency modulation 
indicative of the shaft eccentricity. The d.c. signal is blocked 
at this point by a transformer of approximately 1:1 ratio 
having a uniform frequency response over the range 1-50 c/s. 
The eccentricity signal, in the form indicated by D in Fig. 2(6), 
is fed to a further bridge rectifier circuit from which it emerges 
with a d.c. component. This d.c. signal is a function of the 
depth of modulation, and could be connected to an indicating 
instrument. It has insufficient power to work a recorder, 
however, and so a magnetic amplifier is inserted in the circuit. 
The eccentricity signal is thus amplified before being fed to a 
visual indicating instrument and a chart recorder, both of which 
are of the ratiometer type and are calibrated from 0 to 0-015 in. 
Suitable potentiometers are incorporated in each magnetic 


H.F. Alternator 
1000 c/s 120V 
Axial displacement 

detector coils 


Low-pass 
filter 


\ VaNN ie al 
LL 
Magnetic 
amplifier 
Bridge Axial indicator 
rectifier’ and recorder 


Fig. 3.—Circuit showing basic principle of detection of axial 
movement of the shaft. 


amplifier so that the appropriate gain and zero setting may be 
obtained. 

In addition to the two pairs of coils disposed around the disc 
on the turbine shaft, another pair is used on opposite faces of 
the disc to detect motion in an axial direction. As before, the 
change in the air-gaps between the coils and the disc, as the disc 
and shaft move axially, cause a change in the impedance of the 
coils. The circuit used for translating this into a current measure- 
ment is shown in Fig. 3, in a simplified form. The bridge is 
deliberately unbalanced. The high-frequency carrier is rectified 
and filtered to produce a d.c. signal which is amplified and fed 
to a visual indicator and chart recorder scaled from —0-250 in 
to +0-250in. As with the instruments for indicating eccen- 
tricity, suitable potentiometers are incorporated in the magnetic 
amplifier to adjust the gain and zero settings. 


(2.2) Motor-Generator Set 


Any form of a.c. generator could be used to provide the 
supply at 120 volts and 1 000c/s, the two obvious alternatives 
being a valve oscillator and a rotary machine. Since the equip- 
ment is required to operate in a power station, robustness is 
essential, and freedom from the need for maintenance is very 
desirable; therefore an inductor-type alternator was chosen. 

The alternator, which is driven by a 3-phase induction 
motor rated at 1h.p., has a rotating field system comprising 
two claw-type pole pieces, one on each side of an annular per- 
manent magnet. Each pole piece has 21 projections, so that 
when assembled they interlink to form 42 poles of alternate 
polarity. 

It was found desirable, in the assembly of the alternator, to 
machine the periphery of the rotor to ensure that it was con- 
centric with its shaft bearings. This is important, because any 
eccentricity of the rotor with respect to the stator would induce 
a 50-c/s signal superimposed on the 1 000-c/s output, which in 
turn would interfere with the modulation produced by the 
eccentricity of the turbine shaft. A rigid coupling between the 
alternator and motor was also found necessary to ensure that 
torsional oscillations of low frequency are not set up in the 
coupled shafts. Such oscillations would produce frequency and 
amplitude modulation of the output which would disturb the 
signals of the eccentricity detector. 


(2.3) Supply for Control Coils of Ratiometer Instruments 


Mention has been made of the use of ratiometer instruments. 
This type of instrument was chosen to minimize errors caused 
by the fluctuation of the system frequency and voltage. The 
deflection current is compared with a reference current obtained 
direct from the 1 000-c/s alternator, through a suitable rectifier 
and filter network. 

If the compensation is not perfect over the whole range 
for the combination of magnetic amplifiers and ratiometer 
instruments, the final correction may be given by a suitable 
inductance in the reference-current circuit. 

A supply-system frequency variation from 47:5 to 51 c/s 
changes the h.f. alternator voltage by about 8%, but the readings 
obtained are not affected by more than 1 %. 


(2.4) Provision of Calibrating Signals 

Incorporated in the equipment are means for producing 
calibration signals for all three circuits, so that it is possible to 
check at any time whether the sensitivity of these circuits is the 
same as at the time of initial calibration. The calibration signals 
for the horizontal and vertical eccentricity circuits are produced 
by a disc of known eccentricity fitted to the end of the 1 000-c/s 
alternator shaft. It rotates between two small detector coils 
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mounted diametrically opposite and around the periphery of the 
disc. These detectors are connected in bridge form and simulate 
the action of the main bridge circuits. They may be inserted 
in the circuit in place of the detector coils in the turbine casing. 
The calibration for the differential axial expansion is produced 
by a voltage tapped from the main 1 000-c/s supply. A rotary 
switch enables the calibration signals to be injected into the three 
circuits simultaneously. 


(3) INDICATION OF SHAFT MOTION BY AN 
OSCILLOGRAPH 
In addition to the visual-indicating and chart-recording 
instruments, provision is made for the study of the shaft eccen- 
tricity using a cathode-ray oscillograph. The eccentricity signals, 
at the point C in Fig. 2(a), from the vertical and horizontal 
detector circuits are respectively applied to the vertical and 
horizontal deflection plates of the oscillograph. The trace, 
accordingly, follows the eccentric motion of the end of the shaft. 


(4) TEST RIG 


Overall calibration of the supervisory equipment is carried 
out during manufacture, only a few check calibrations being 
then required when it is fitted to the machine. To simulate the 
motion of the turbine shaft a test rig was built, comprising a 
steel disc, the diameter of which is the same as the disc machined 
on the turbine shaft, rotated by a geared motor. The disc can 
run at speeds up to 3 400r.p.m. The end of the spindle upon 
which the disc is clamped has an eccentric taper, and the disc 
has a hole of equal taper and eccentricity so that, by altering the 
angular clamping position of the disc, known radii of eccentricity 
in the range 0-0:015in may be obtained. The bronze ring 
which carries the detector coils is fixed to a movable frame 
which is constrained to move horizontally and axially with 
respect to the disc, thus simulating horizontal displacement of 
the shaft and differential axial expansion. Movement of the 
frame, which slides on the bedplate of the rig, is measured by 
dial micrometers. 


(5) THE SHAFT DISC AND ITS MAGNETIC PROPERTIES 


The disc around which the detector coils are placed may be 
either integral with the shaft, or a separate disc attached to the 
shaft. The integral disc is to be preferred for its mechanical 
reliability, and the first installation made was of this form. It 
does, however, require the shaft forging to be of a material with 
suitable and uniform magnetic properties. 

The use of a separate disc requires means of securing the disc 
firmly and accurately to the shaft, but has the advantages of 
allowing a free choice of disc material, and enabling the cali- 
bration of the equipment in the test rig during manufacture to be 
made with the actual disc. 

Initial experiments on the measurement of eccentricity with 
the test rig and detector circuits showed the importance of 
making the disc of a material with uniform magnetic properties. 
For the first tests a steel disc of unknown composition was 
used, and it was found that the variation of permeability 
around its periphery produced spurious results. A disc cut 
from a rotor forging which had had the same heat treatment 
as a turbine shaft showed practically no departure from uni- 
formity, and was used for calibrating the equipment. 

Not all rotor forgings are magnetically suitable, and discs 
built up of laminations can be used to avoid the difficulty of 
finding material for separate discs having the desired magnetic 
uniformity. 

The circuit for detecting axial displacement is, of course, 
unaffected by any non-uniform magnetic properties of the disc, 


since it operates according to the mean degree of unbalance 0} 
the bridge over the cycle of rotation. 


(6) AIR-GAP SETTINGS OF THE DETECTOR COILS 


In order that the response of the detector coils to shaft motio 3 
may be interpreted easily, it is necessary that the variation of 
bridge output with disc position should be linear over the 
maximum range of excursion. If the bridge circuit is symmetrica 
(i.e. if there is no initial unbalance) and if the air-gaps are equa 
when the disc is central, then the current/displacement curve is 
symmetrical, but not necessarily straight, as shown in Fig. 4(a) 
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Fig. 4.—Shaft displacement curves. 


The departure from rectilinearity is appreciable with small air- 
gaps. By widening the gaps a condition can be found for 
which the characteristic is substantially straight between the 
two extremes of possible travel of the disc centre, as shown in 
Fig. 4(4), but this causes a loss of sensitivity, which is, however, 
readily accommodated by the magnetic amplifier. i 

It has already been mentioned that the bridge is set up with 
an initial unbalance, by having unequal resistance arms, so that 
the resulting bridge current is never zero. This unbalance is 
reflected in the current displacement characteristic, which is 
asymmetrical about the shaft mid-position, as shown in Fig. 4(c). 
This asymmetry may be counteracted by setting up the air-gaps 
unequally. The arrangement provides an eccentricity measure- 
ment which is independent of mean shaft position within the 
range of possible travel. 

A similar technique of using unequal air-gaps to achieve a 
symmetrical and substantially rectilinear response from the 
bridge was also used in the circuit for detecting axial displace- 
ment. 


(7) PERFORMANCE OVER A RANGE OF SHAFT SPEED 


The eccentricity signal takes the form of a modulated carries 
wave, from which the carrier-frequency component is subse- 
quently filtered after rectification. On starting from rest. 
therefore, the eccentricity instrument at first indicates an oscil: 
lating value corresponding to the changing peak value of the 
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arrier component. Owing, however, to the inertia of the instru- 
nent movement the amplitude of oscillation of the indication 
‘alls as the frequency increases until, at a speed of about 300 r.p.m., 
he needle is at rest at a position equivalent to the mean value 
of the carrier component. From this speed upwards to an 
overspeed value of about 3 4001r.p.m. the eccentricity value is 
ndicated correctly, and independently of the speed of rotation. 
Removal of the cyclic motion at low speeds is possible but 
would require some modification of the means of measurement 
over the range below 300r.p.m. The indication provided as 


lescribed above was considered adequate, however, since © 


readings below 300 r.p.m. could, if required, be obtained directly 
by means of a dial gauge. 

During the course of investigating the higher shaft-speed 
range over which the instruments would operate satisfactorily, 
difficulties were caused by vibration of the test-rig framework. 
When the steel disc was rotated eccentrically at speeds above 
2 800 r.p.m. the out-of-balance force was sufficiently high to 
deflect elastically the pedestal on which the disc was mounted, 
thus disturbing the cyclic change in the air-gap, and hence the 
sccentricity reading. Consequently the framework was made 
-onsiderably more rigid before reliable calibration measurements 
were made. 


(8) CALIBRATION OF INSTRUMENTS 


It has already been mentioned that the various instruments 
were calibrated on a test rig which simulated the expected shaft 
Jistortions. 

Shaft-displacement tests were made on the rig by sliding the 
ramework supporting the detector-coil ring in a horizontal 
direction transverse to the axis of the disc. A linear relationship 
was obtained between the direct current measured at CC in 
Fig. 2(a@) and the disc displacement. Similar tests were then 
made on the disc machined on the turbine shaft, and an identical 
ncrement of reading was obtained for a given travel. 

Tests were carried out with the disc rotating at various eccen- 
ricity settings, and the corresponding d.c. signal was measured 
at the output of the magnetic amplifier shown in Fig. 2(a). 
ach increase of eccentricity gave a corresponding proportionate 
nerease in the depth of modulation of the carrier wave [A, in 
Fig. 2(b)] and hence in the resulting a.c. signal. For the purpose 
of recording the a.c. signal, however, it was necessary to rectify 
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Fig. 5.—Calibration of horizontal- and vertical-eccentricity 
instruments. 
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it, so giving an output corresponding to the non-linear rectifier 
characteristic, as in Fig. 5. It is impossible to work with signals 
sufficiently large to make the non-linearity negligible, because 
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the principle of operation of the detector equipment demands 
that the rectifiers between the blocking transformer and the 
magnetic amplifier must accept near-zero signals. It is of 
interest to note at this stage that the rectifiers immediately 
following the isolating transformers are never required to rectify 
near-zero signals, so that their output characteristics are always 
virtually linear. 

Calibration of the axial-displacement instrument was carried 
out in a similar manner. 


(9) EFFECT OF VIBRATION OF THE 
DETECTOR-COIL RING 


It is possible that the casing on which the detector-coil ring 
is mounted may vibrate. The vibrations will cause signals similar 
in character to and superimposed upon those caused by shaft 
eccentricity. The resultant complex signal cannot be resolved 
into the eccentricity and vibration components, since these 
may differ in frequency and phase relationship. Nevertheless, 
this complex signal does give the motion of the shaft with 
respect to the casing, which is the main purpose of the equipment. 


(10) SHAFT SPEED 
(10.1) Principles of Measurement 


The voltage and frequency of the output of a permanent- 
magnet high-frequency alternator directly coupled to the turbo- 
generator shaft are directly proportional to the speed of the 
shaft. This property is used to indicate and record the speed 
of the turbine. 

This small alternator is identical in construction with that 
used for the shaft-distortion circuits, except that it is flange- 
mounted and is driven by a quill shaft passing through the 
hollow mainshaft; the splined drive at the end of the quill shaft 
accommodates any radial or axial movement of the shaft of the 
main generator. 

In Fig. 6(a), as the turbine speed increases from rest, the 
output of the h.f. alternator at AA increases proportionately. 
This output is rectified and the resulting d.c. signal at BB 
varies as shown in Fig. 6(5), and is fed to a visual indicating 
instrument and chart recorder. These are arranged to have 
linear scales from zero to full-scale deflection at 3 000 r.p.m. 
When a speed of 2 750 r.p.m. is reached the output of the alter- 
nator is automatically switched, by a relay T, to series resonant 
circuits, as shown in Fig. 6(a). The first circuit comprises an 
inductor L,, of very low resistance, in series with a capacitor C,, 
and is arranged to resonate at about 840 c/s (2 400 r.p.m.); the 
second circuit, L, and C, in series, resonates at about 1 260 c/s 
(3 600 r.p.m.). 

The resonance curves for the tuned circuits are shown in 
Figs. 6(c) and 6(d) corresponding to the potential differences 
across C,, C,, R, and R3. It will be noted that the curves inter- 
sect at a frequency corresponding to a speed of 2 7001r.p.m. 
The potential difference across CC is the difference between the 
potential differences across R, and Rz, i.e. it is represented by 
the ordinate, at any instant, between the two resonance curves. 
This output is fed directly to the indicating and recording 
instruments. The voltage which appears across CC is zero at 
2 700 r.p.m. and has a value equal to full-scale deflection of the 
instruments at 3 300 r.p.m. 

At 3 250 r.p.m. another relay is energized which transfers the 
output of the hf. alternator to a network of tuned circuits 
similar to those used for the previous range. Thus the input to 
the recording instrument is zero at 3 200r.p.m. and reaches a 
value which gives full-scale deflection at 3 500 r.p.m. 

The change in input signal to the instruments over the complete 
frequency range from 200 to 3 500 r.p.m. is shown in Fig. 6(e). 
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(10.2) Calibration of Instruments 


The sensitivity of the equipment was higher than that 0) 
available mechanical tachometers and stroboscopes, so these 
instruments could not be used for the speed calibration. | 

A method of calibration has been adopted involving the us¢ 
of a cathode-ray oscillograph in conjunction with an electrica) 
test rig. This rig consists of a variable-speed drive representing 
the turbo-alternator shaft, coupled to the h.f. alternator. A 
signal from the h.f. alternator is compared with a > stznatl 
reference signal from a quartz-crystal oscillator. These signals 
are fed to the plates of the cathode-ray oscillograph, and produce 
a series of patterns on the screen in the form of Lissajous figures, 
Each stationary pattern represents a precise speed of the hf) 
alternator; thus a large number of accurate check-points are 
obtained throughout the speed ranges. | 

It will be appreciated that full advantage of the sensitivity of 
this equipment has not been taken. With the equipment in its 
present form changes of speed as low as I r.p.m. (1/60c/s or 
0-033°% of mains frequency) can be detected. Arrangements 
could easily be made to detect smaller speed changes of the order, 
of 0:2 r.p.m. with the equipment described. 


(11) OPERATING EXPERIENCE 


The supervisory equipment has been used on a number of 
steam trials of turbines at the factory, when both normal and! 
abnormal conditions of balance, starting sequence, foundation: 
arrangement, etc., could be applied. Much valuable experience: 
was gained during these tests. The equipment has also been 
fitted to the 60-MW two-casing turbo-alternator sets at the 
British Electricity Authority’s power station at Uskmouth, and 
has been in commission since December, 1952. 

When the set is running normally on steady load the vertical 
and horizontal eccentricity measurements are in fair agreement, 
and do not exceed about 0-003 in. If the machine is brought up 
to speed and loaded too quickly, before the temperatures of 
rotor, casing, lubricating oil, etc., have become sufficiently stable, 
the eccentricity may rise and so give warning of impending 
danger. If the starting schedule is not properly followed, e.g. 
if the barring gear is stopped, or not run for a sufficient time, 
then the result is evident in the increased eccentricity. 

As supervisory instruments of this type are a relatively recent 
innovation, there is not yet sufficient experience on a wide 
range of machines to give guidance in the interpretation of the 
records. Information is being gained each day, and as this 
accumulates it will form a background against which future 
records can be viewed more critically. Despite the limited 
experience, much interesting information may be deduced from 
the records, as can be seen from the following examples. 

Fig. 7 presents the record of the following sequence of events. 
The alternator set was running normally at 3000r.p.m. and 
40-MW load. The vertical eccentricity was less than 0-001 in; 
the horizontal eccentricity was approximately 0-003 in; and the 
differential axial expansion was +0-045in. At approximately 
10.18 a.m. difficulties were experienced with some of the ancillary 
boiler equipment, so much so that the load of 40 MW was taken 
off the set in the course of a few minutes. Jt will be seen that 
no change in the eccentricities occurred, but the differential axial 
movement proceeded immediately in a negative direction, ie. 
the shaft shrank relative to the casing. At 10.32 a.m. it was 
decided to shut the set down until the boiler ancillaries had been 
satisfactorily adjusted, and it is seen from the speed chart that 
the run-down was uniform, occupying the next 35 minutes. 
During this time the vertical eccentricity increased first to 
0-0015in and later to nearly 0-002 in, while the horizontal 
eccentricity decreased immediately to 0-0025in, and thence 
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more or less uniformly to 0:002in. One significant point is 
that over the rundown range of 1 250r.p.m. to zero the eccen- 
tricity recordings were identical, whereas at speeds above this 
range the horizontal eccentricity increased while the vertical 
eccentricity decreased. Insufficient evidence exists at this stage 
to indicate a reason for this phenomenon, but it is hoped that 
further information will become available as the remaining five 
turbo-alternator sets are commissioned. 

At 11.07 a.m. the turbine shaft came to rest, but owing to an 
oversight the barring gear was not engaged until 11.12a.m. At 
12.45 p.m. the boiler adjustments were completed and an attempt 
was made to restart. As the speed increased to 1 800 r.p.m. 
the horizontal and vertical eccentricity readings increased to 
approximately 0:002in. Further increases in speed up to 
3 000 r.p.m. led to a large increase in the horizontal, and to a 
lesser extent in the vertical eccentricity and it was thought that 
the five-minute period during which the shaft was stationary 
might have caused the shaft to bend as a result of uneven cooling. 
These eccentricities were considered too great to be allowed to 
continue, and the speed was reduced to 2500r.p.m. Three 
more attempts were made to get the set up to full speed, but 
eccentricities of 0-0055 in were recorded. It was then decided 
to reduce speed for about half an hour to see whether the shaft 
would straighten itself under the action of the steam. During 
this time an opportunity was taken at 2.13 p.m. to check the 
accuracy of the detection circuit with the calibration signals. 
These were observed to be as originally set. At 2.35 p.m. a 
fifth attempt was made to bring the set up to speed and eventually 
at 3.02 p.m. the set was paralleled to the Grid, the shaft eccen- 
tricities being 0-003in horizontally and 0-001 in vertically. 
From then until 3.50 p.m. further boiler trouble was experienced, 
so much so that the alternator load was varying between 5 MW 
and 50 MW continuously, the effect of which may be seen on 
the erratic trace of the horizontal eccentricity. Eventually, at 
3.52 p.m., a further shut-down was deemed necessary. A re- 
start was made at 5.45 p.m. and it can be seen that the eccen- 
tricities were not as great as before, the maximum being 0-004 in. 
The set returned to full load at 7.15 p.m. 

Fig. 8 shows the distortions which occur during normal 
starting conditions, and includes several interesting eccentricity 
changes. Owing to slight misalignment of the pens and errors 
in time setting of the chart, the speed chart is four minutes in 
advance of the shaft-distortion chart. Both the vertical and 
horizontal eccentricities were of the order of 0:001-0-0015 in 
from 300 to 600 r.p.m. When the speed was suddenly increased 
to about 1 500r.p.m. the vertical eccentricity remained sub- 
stantially constant while the horizontal eccentricity increased 
from 0-001 in to 0:0025 in. After ten minutes at these conditions 
the speed was increased to 3 000 r.p.m., and it can be seen that 
the vertical eccentricity began to fall slightly while the horizontal 
eccentricity fell rapidly to zero. During the next few minutes 
at 3 000 r.p.m. the horizontal eccentricity rose to 0-002 in, the 
vertical eccentricity remaining practically constant. The abrupt 
changes in the values of horizontal eccentricity may be attributed 


to the reasons already advanced in Section 9; that is to say, the 
presence of other disturbing effects which cause unbalance. 
As the supervisory gear measures the relative motion of the 
disc in the bearing housing or casing, the reading is then 
not merely of eccentricity, but represents a combination of the 
effects of bending of the shaft (eccentricity of disc), movement off 
the shaft axis in space, and movement of the bearing housing ini 
space. The relative motions may be influenced also by the: 
clearance between journal and bearing, by the viscosity of the: 
oil, by gravitational forces and by unequal or non-linear stiffness 
of the bearing housing and foundation in vertical and horizontal, 
directions. In such cases the motions, though small, may be: 
very complex, and the horizontal indications are generally! 
appreciably greater than the vertical, as will be seen in Fig. 8. | 


(12) CONCLUDING REMARKS 

The continuous indication of the state of running of the turbo-| 
alternators at Uskmouth has been a valuable guide to the drivers 
during both starting and running, and the charts of the various. 
measurements have been a useful record to enable the station 
staff and manufacturers to analyse the performance of the sets. 

The limited experience gained has already served to indicate 
where improvements can be introduced to make the equip- 
ment and its records more effective. Any shaft distortions 
which take place are found to be so closely associated with the 
speed and load of the set, at any particular moment, that it is 
of great value when interpreting the records to have these quan- 
tities recorded on the same chart as that showing the shaft 
distortions. This recording arrangement is incorporated in 
equipment now being installed elsewhere. 

Up to the present, after many months of continuous operation 
of the equipment on the sets at Uskmouth, no maintenance has 
been necessary, thus fulfilling the reliability requirements. 
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SUMMARY 


The paper shows how the increased size and higher operating steam 
temperatures and pressures have led to the introduction of electrical 
turbovisory equipment. It describes how the gear presents to the 
turbine operator a continuous record of the behaviour of the rotor 
during the whole period of starting and running on load. Experience 
gained with some 60 sets of equipment now in use, some of which have 
been in service for the past nine years, is considered in some detail. 

Examples are given of eccentricity and differential-expansion charts 
recorded in service. These relate to occasions when the turbovisory 
equipment indicated abnormal conditions and enabled corrective 
action to be taken before damage occurred. These examples are 
discussed in detail, and explanations of the causes of the abnormalities 
are suggested. The interpretation of eccentricity records is discussed, 
particularly with reference to the problems encountered in starting 
turbines. 

A further Section indicates how these measurements have led to a 
better understanding of these problems, leading in some cases to 
improvements in turbine design. Finally, the future trend of turbo- 
visory equipment is considered. 


(1) INTRODUCTION 


The steam turbine holds an important place in modern life 
and much depends on its reliability. It has been developed, 
largely on the basis of accumulated experience, from small 
ratings operating with low steam conditions to the modern large 
power-station machines of 100 MW or more, using steam at 
high pressure and temperature. 

It is also mainly on the basis of accumulated experience that 
turbines have been operated, and a tradition of high competence 
has been established amongst turbine drivers. However, the 
employment of progressively higher steam conditions has 
increased the significance of those problems of operating tech- 
nique associated with mass and temperature, and as long ago as 
1943 it became apparent that there was a need for instruments to 
augment the driver’s skill. 

In forming an opinion of the type of problem involved it will be 
understood that in large modern turbines rotors weighing several 
ons are running at speeds up to 3 000 r.p.m. where the inlet tem- 
serature, at least, may be in the region of 1000°F. These 
-otors must remain geometrically true and accurately balanced. 
For instance, a distortion which caused the centre of mass to be 
lisplaced only 0-004in from the axis of rotation would produce 
ut 3000 r.p.m. a centrifugal force equal to the weight of the 
‘otor. A number of causes such as uneven heating or temporary 
nalalignment may result in displacement. The outward sign is 
fibration; and sensitivity to vibration, combined with an insight 
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into its cause and cure, has long been a mark of the competent 
turbine driver. 

Increase in size and operating temperature has been rapid in 
the last few decades. The turbine itself now requires a greater 
capital outlay, and, equally important, the value of high availa- 
bility has been correspondingly increased. With higher tem- 
peratures the possibility of significant temperature gradients due 
to uneven heating becomes greater. With larger sizes, the 
tolerable rotor distortions, which are independent of size, 
become relatively smaller—all of which are reasons for looking 
to scientific instrumentation to guide the operation of the larger 
machines. 

The value of instrumentation is most apparent during starting, 
and it is a feature of present trends that machines are subject 
to more frequent starting and stopping. In this country the load 
curve of the public supply system requires a large number of 
machines to be run on an intermittent basis. Whilst at the 
present time the machines concerned are generally of the older 
lower-pressure type, it is expected that with the advent of the 
275-kV transmission network, the number of machines liable to 
two-shift operation will greatly increase and will include com- 
paratively large machines operating at high steam pressures and 
temperatures. To secure economy under these circumstances it 
is essential that these machines should be shut down and sub- 
sequently restarted as rapidly as continued reliability and safety 
will permit. One of the main uses of turbovisory equipment is 
to aid in the development of quick-starting techniques and to pro- 
vide a guide to control] when the technique has been established. 

The control of transverse rotor deflection is, perhaps, the most 
important problem during rapid starting; a prime function of 
turbovisory equipment is therefore to give the driver warning of 
deflection in advance of the onset of noticeable vibration, 
particularly at low speeds in the course of running up, when 
continued increase in speed might produce conditions which 
would be out of control by the time the senses became aware of 
vibration. The eccentricity indicator fulfils this need, and is 
perhaps the most important item of the equipment. Transverse 
deflection must be controlled within narrow limits, and con- 
sequently the eccentricity indicator must have a correspondingly 
high degree of sensitivity. 

It is also a valuable aid to operation to have an indication of 
the axial clearances between moving and fixed parts inside a 
turbine, although a much coarser degree of control is quite 
satisfactory in this respect. Turbine rotors are located axially 
in the casing by means of a thrust collar usually placed at one 
end, outside the bearing at that end. When temperature changes 
occur, the rate of heating of the rotor is rarely the same as that 
of the casing, and consequently the two parts experience a 
differential axial expansion which is greatest at the end remote 
from the thrust collar. Under some conditions this differential 
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expansion may be considerable and become dangerous. There 
are, of course, many places where the axial clearances between 
rotor and casing are of the order of +;in to 4in. Although 
attention to design minimizes the danger from differential 
expansion, it is a comparatively simple matter to fit an indicator. 
Many turbovisory equipments at present in use comprise 
eccentricity and differential expansion indicators. Fig. 1 shows 
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Fig. 1.—Location of detector magnets. 
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diagrammatically a turbine casing and rotor, and the location 
of the eccentricity and differential expansion detector magnets. 
In a two-cylinder condensing turbine, the equipment is usually 
fitted to the h.p. cylinder only. In a three-cylinder turbine it 
may be fitted to the i.p. cylinder in addition. So far it has not 
appeared necessary to fit it to l.p. cylinders. 

Turbovisory equipment functions primarily as a concurrent 
aid to operation, but its value is greatly enhanced if it provides 
a record contributing to the operational history of the machine. 
For this reason the indicators are supplemented by recorders 
whose charts are thus available for reference. The scope of 
the equipment may be widened to cover additional information. 
The state of expansion of the turbine relative to the bed-plate 
has been found to be a valuable guide to operation in some 
instances, and certain steam and metal temperatures may have 
special significance. In examining records it is often important 
to know the speed of rotation, and a record covering the full 
range from zero to overspeed may be included. 

The records obtained have also stimulated thought on why 
shafts deflect, on the limits of deflection which can be tolerated 
or on the steps which can be taken in design and operation to 
prevent deflection—this refers, of course, only to the type of 
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transient deflection which can be corrected while the machine t 
still running. 


(2) DESCRIPTION OF EQUIPMENT 
(2.1) Differential Axial Expansion | 


As mentioned previously, differential axial expansion is ths 
simpler of the two measurements used for keeping the behaviou1 
of the rotor under observation. The early instruments were basec 
on mechanical and optical principles. These were very usefu 
but they suffered from mechanical wear, dirty lenses, etc., and ij 
was clear that electrical instruments would be more permanen) 
and could be arranged to provide a record more readily. ) 

Two methods were examined, one employing a variable- 
capacitance network and the other a variable-inductance bridge; 
However, since the distances to be measured are large, i.e. up 
to 0:2in, a capacitance arrangement requires the complicatior 
of a “follow-up” device. Therefore the variable-inductance 
method is preferable. 

In the variable-inductance method two basic positions of the 
detector magnets with respect to the moving part are possible. 
These are shown in Figs. 1(a) and 1(b). Position (6) was adopted. 
the coupling at the end of the rotor usually providing the 
required end faces on the moving part. This arrangement 
avoids any calibration difficulties associated with ‘“‘end”’ effect. 
which are present if position (a) is used, and furthermore if 
avoids any errors due to eccentricity of the shaft. An alternative 


method of mounting the magnet when the coupling cannot be 
The circuit is shown in Fig. 2. 


used is shown in (c). 
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Fig. 2.—Basic circuit of differential-expansion equipment. 
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(2.2) Shaft Deflection 


With shaft deflection, early improvisation with mechanical 
devices fulfilled the need to some extent while electrical method: 
were being developed. When electrical methods were studied. 
the relative merits of variable-capacitance and variable-inductance 
networks were again considered, and although the movement: 
in this case are quite suitable for capacitance measurement, the 
possibility of variation in the permittivity of the atmosphere 
surrounding the probe determined the adoption of the variable- 
inductance network. 

Initially it was thought that possible variation in the per. 
meability of the turbine shaft might introduce serious errors 
and to avoid these, early equipments had laminated rings shrunk 
on to the shaft underneath the detector magnets. Experience 
has shown this to be unnecessary, and later models make use o: 
the shaft itself. 

It is important to know the condition of the shaft at lov 
speed, as well as at higher speed. The electrical problem pose¢ 
thereby has been solved by switching in additional component: 
when the turbine changes over from slow running to operatiot 
under steam. 
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(2.2.1) Low-Speed Operation. 


The detector magnets are connected to a source of alternating 
voltage at a frequency of 500 c/s, and each forms a reactance in 
which the magnetic path is created by the detector core, the 
turbine shaft and two air-gaps, in series. As the shaft rotates, 
the length of each air-gap varies in amplitude according to the 
eccentricity of the shaft, and in periodicity according to the speed 
of rotation of the shaft. The basic circuit is shown in Fig. 3. 


pass filter (L, C,, R, and R,), which eliminates the high-frequency 
components at the point B of the circuit but leaves the low- 
frequency modulation due to eccentricity unaffected. The wave- 
form of the voltage existing at B is therefore as indicated in 
Fig. 3(c). 

The filter is followed by a cathode-follower in which the 
output appears across the cathode load R,; the waveshape at this 
point is the same as that at the input to the valve, except that 
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Fig. 3.—Basic circuit of eccentricity equipment; slow-running condition, 


(a) Detector coil current. 
(b) Rectified voltage at A. 


(c) Voltage at B. 
(d) Voltage at C. 
(e) Recorder current J. 


. modulated detector current, having a waveshape as shown in 
ig. 3(a), passes through the step-up transformer T, the secondary 
inding of which is connected to the resistor R, frcuel a full- 
ave rectifying double-diode valve. The load thus introduced 
n the primary side of the transformer is resistive, but the 
sistance introduced into the detector unit is low and has no 
ypreciable effect upon the operation of the detector circuit. 
he transformer T may therefore be considered as a current 
ansformer, although the voltage across the resistor R, is of the 
‘der of 50 to 100 volts. The waveform of this voltage 
tig. 3(b)] is a fully-rectified version of the modulated coil 


irrent. 
The resistor R, is followed by a relatively high-impedance low- 
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the d.c. component is increased owing to the standing current 
through the valve, as shown in Fig. 3(d). 

The amplitude of the low-frequency voltage across the cathode 
load Ry is still a measure of the shaft eccentricity, and the 
recording instrument is operated directly from this voltage. 
Rheostats Rg and R,; provide a convenient method of varying 
the component of direct current through the recorder, and thus 
provide an adjustment of the sensitivity and electrical zero of the 
instrument [Fig. 3(c)]. 

Under conditions of low-speed rotation (say 2-5 r.p.m.), the 
pen of the recording instrument swings as though from the centre 
line of the shaft, and the total swing of the pen therefore records 
twice the eccentricity of the shaft. 
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(2.2.2) Normal-Speed Operation. 

When running under steam the pen cannot follow the current 
modulations as at low speed, and a further translation becomes 
necessary in order to convert the depth of modulation into a 
steady direct current. A switch is operated, and the basic 
circuit now becomes as shown in Fig. 4. Up to the cathode 
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Fig. 4.—Basic circuit of eccentricity equipment; normal running 


condition. 


(a) Voltage at C. 
(b) Voltage at D. 
(c) Voltage at E. 


resistor Ry, the circuit remains as before, and thus the waveform 
of the voltage at C is as shown in Fig. 4(a). This voltage is 
applied through a condenser C, to a germanium crystal rectifier. 
Across the rectifier at the point D of the circuit there appears a 
voltage of the waveform shown in Fig. 4(6). The alternating 
component due to eccentricity is exactly the same as that across 
the resistor Ry, but in addition the direct component of voltage 
is half the total amplitude of the alternating voltage. This 
voltage is now applied to a low-pass filter RgC,; in which the 
alternating component of voltage due to eccentricity is removed, 
leaving at the point E across C;, a direct voltage proportional to 
the eccentricity. This voltage is now converted into a power 
output across the cathode load resistor Rj) by means of a second 
cathode-follower, the other half of this valve being used to 
balance out slight changes due to mains-voltage fluctuations. 

The direct voltage across Rio is applied to the recording 
instrument through the rheostat R;, which is included to give 
an adjustment to sensitivity. The adjustable biasing potentio- 
meter R,,, fed from a stabilized h.t. d.c. supply, provides com- 
pensation for the direct voltage across Rj due to the standing 
current in V,3. 


(2.3) Arrangement of Equipment 
The equipment is arranged in sections comprising 


(a) Eee magnets, junction boxes, for mounting on the turbine 
itse 

(6) Cubicle containing the power pack and oscillator, each cubicle 
providing sufficient power to feed four equipments. 

(c) Cubicle containing eccentricity amplifier and axial expansion 
network. 

(d) The two indicating instruments and duplex recorder. 
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The indicating and recording instruments are usually mounte 
on the turbine gauge board, and the two cubicles may then b 
mounted at some convenient place. The circuit, either norma! 
speed or low-speed, is selected by a single switch, enabling on 
instrument to record either condition. | 


(3) RELIABILITY AND ACCURACY OF TURBOVISORY | 
EQUIPMENT 

Some 60 equipments now in operation have been in service fo 
periods up to nine years. Troubles have been few and hav 
usually fallen into one of the four following groups: 

(a) System Disturbance.—Isolated erratic readings hav 
occurred from time to time with some equipments. These haw 
been traced to serious voltage disturbances on the auxiliar) 
supply feeding the apparatus, mainly due to direct starting a 
large motors. Careful selection of the supply line and aj 
improved form of stabilizer have completely eradicated thi 
trouble. 

(b) Detector Magnets.—During routine examination it vel 
discovered that there were instances of the rubber covering a 
the magnets showing signs of deterioration owing to penetratiol 
of oil through the protective vulcanized-rubber binding. Possi 
bility of trouble from this cause has been eliminated by the us; 
of a moulded cover instead of rubber binding. 

(c) Leakage.—On occasions the presence of steam round som: 
equipments has introduced errors due to electrical leakage. In 
consequence the high-impedance circuits have been redesigned te 
reduce sensitivity to moisture. 

(d) Valve Life.—When turbovisory gear was first introduced i 
was considered desirable to replace all valves at three-monthh 
intervals. The object was to relieve station staffs of responsi 
bility for valve maintenance. Subsequent experience has shows 
that periodic replacement is unnecessary, and a simple mainteni 
ance drill has been evolved whereby complete inspection of al 
equipment is achieved by means of integral test instruments 
This examines each part of the circuit and detects incipient fault 
including failing valves. At the same time it enables calibratiox 
to be checked. | 

(e) Accuracy.—The eccentricity indicator is a sensitive instru 
ment capable of measuring to less than 0-00lin. It is not 
however, practicable to check the calibration of an instrumen 
under site conditions with the machine running, because nx 
equally sensitive means of measuring the eccentricity is available 
Nevertheless, owing to the method of setting up, and using suc! 
means of comparison as are available, it is probable that th 
absolute accuracy of measurement is within 0:00lin at loy 
eccentricities. In practice, this is found to be entirely satis 
factory. 


(4) EXAMPLES AND DISCUSSION OF A SELECTION OF 
RECORDS FROM TURBOVISORY EQUIPMENT IN USE 


It is now proposed to show a number of examples taken fron 
turbovisory records obtained during the past nine years. 


(4.1) Two-Cylinder 60-MW Turbine 

The first records to be shown refer to the routine operatio: 
of one of the first machines to be fitted with turbovisory equip 
ment. It is a 60-MW two-cylinder machine running a 
1500 r.p.m. and taking steam at 6001b/in? and 850°F from tw 
400 0001b/h pulverized-fuel-fired boilers, operating with th 
turbine as a unit. 

When starting up, one boiler is brought up to the require 
pressure by “flashing” before steam is admitted to the turbine 
and pressure is maintained throughout the run-up by “flashing 
as required; hence the initial steam temperature may be variabl 
and is considerably lower than when the set is on load. 
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A large machine of this type has a heavy cylinder which cools 
slowly during the shut-down period. The temperature of the 
steam during starting is often lower than that of the cylinder, 
particularly after a short shut-down, and the admission of this 
steam inevitably accelerates the contraction rate of the cylinder. 
Such a condition has been found from experience to lead to 
vibration if an attempt is made to run up to speed. It appears 
necessary to establish conditions of expansion to ensure a 
smooth run-up. 

Contracting conditions were 


present when the chart shown in 
Fig. 5 was recorded. 


It refers to a start made after a 36-hour 
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if so, more serious permanent trouble would have been 
experienced, because the rub would have increased the bend. 
Inspection of the machine showed some rubbing of the dia- 
phragm seals, but no repairs were necessary, and the machine 
returned to service the next day. 

Whatever the cause of the bend, the record is a striking testi- 
mony to the robustness of the modern impulse turbine. The 
large eccentricity must mean that the 10ton rotor experienced 
a bend which produced centrifugal forces sufficient to whirl it 
round in the bearings almost to the limit of the clearance. 
However, the glands yielded on their springs and returned to 
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Fig. 5.—Record of start of 60-MW turbine after 36-hour shut-down. 


shut-down and shows the development and straightening of a 
severe transient bend. Eccentricity of the h.p. rotor began to 
increase when the speed was about 1 160r.p.m. No improve- 
ment resulted when the speed was reduced a little, and steam 
was therefore shut off. Despite this, the eccentricity continued 
to increase, and before the machine came to rest, it had reached 
the limit of the recorder’s travel (about 0-030in). The barring 
record follows this incident and shows that the rotor returned to 
a straight condition after an hour of slow running. This record 
may hold the clue as to why the shaft experienced the temporary 
bend. It has been noted that the turbine structure as a whole 
was contracting. It can also be seen that the rotor was moving 
rapidly from a relatively contracting to a relatively expanding 
condition; it was being heated rapidly; the flexible coupling 
between the h.p. and l.p. rotors was sliding, either freely or a 
little sluggishly, in which case the thrust collar was being relieved 
of load, or may have crossed to the surge face. 

Any mechanism whereby a contracting turbine can cause a 
rotor to bend, excluding the possibility of a touch, remains 
obscure. It is also difficult to conceive how any action con- 
nected with the sliding of the coupling can produce a bend, and 
we are left therefore to consider the rapid heating of the rotor. 
If heat flow into the rotor were uneven, a bend would be sure to 
snsue. Without discussing why the heat flow into the rotor 
was uneven, it does appear that, despite the fact that the turbine 
was contracting, the steam temperature was rising rapidly and 
he rotor was the first to feel the effect. The bend which still 
sxisted at the beginning of barring must have been thermal or 
t would not have been removed by the barring. It could have 
yeen caused by the heat effect of a rub consequent on the 
jibration caused by some sort of mechanical transient bend, but 


normal afterwards, and there was no damage to blading or other 
components. The rotor straightened itself when the bending 
influence was removed. There is little doubt, nevertheless, that 
had the rotor been allowed to run with the transient bend, a 
severe rub would have occurred, resulting in a permanent bend. 

The record of the run-up given in Fig. 6 again shows the 
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Fig. 6.—Start of 60-MW turbine after 5-day shut-down. 
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coincidence of a contracting cylinder and bending rotor. Of 
course, it is possible that the contraction produces sufficient 
change in alignment for a touch to take place, but it would be 
expected that such a touch would be cleared in the course of a 
few starts and the effect would disappear. On the machine 
under review, provision is made for steam to be passed along a 
recess between the faces of the horizontal joint flanges. The 
object is to enable the warming of the cylinder to be accelerated. 
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restraint on the movement of the h.p. bearing pedestal. On 
examination the movement was found to be irregular, and 
further investigation revealed that this was probably due to 
deterioration in alignment of the pedestal keys. When these 
were restored to their original condition, expansion became 
regular again. 

A typical subsequent run-up after a two-day shut-down is 
illustrated in Fig. 7. It seems to indicate great caution between 
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However, it is believed that when the steam supply is colder 
than the cylinder, it is also advantageous to pass cold steam 
along the recess in order to bring the metal temperature down 
to that of the steam as quickly as possible, so that the process of 
expansion can begin earlier. 

Whether or not there is any inherent advantage in this pro- 
cedure cannot be established from this record (Fig. 6), but 
it can be used to support the theory that bending occurs when 
there is rapid heat flow into the rotor. Referring to the record, 
steam is admitted at 11.00h at a stop-valve temperature of 
approximately 500° F, and it will be noted that it remains at this 
temperature until 14.00h. The turbine rotor is undoubtedly 
warming up from 11.00h onwards, as is shown by the differential 
expansion record. It is reasonable to suppose that steam is, in 
fact, entering the inlet end of the turbine at a higher temperature 
than the metal, almost from the beginning. It does not imme- 
diately reverse the cylinder movement, although it expands the 
rotor, owing to the greater heat capacity of the cylinder and to 
its greater rate of loss. By 12.00h the cool surfaces en route 
have been sufficiently heated, and hotter steam is reaching and 
passing over the gland part of the rotor. The heat flow from 
this hot steam into the rotor in the region of the glands may be 
the real cause of the eccentricity. The eccentricity is corrected 
by reducing the steam flow and thus lowering the temperature of 
the steam in the glands, rather than by some mechanism directly 
connected with the reversal of cylinder movement, which 
occurred about the same time. 

The belief that there is some direct connection between a 
smooth run-up and an expanding condition appears to be widely 
held, but no theory has been advanced to account for this 
mechanically. The irregularities in the differential expansion 
record shown on the chart (Fig. 6) are probably due to 


23.30 and 01.00h for reasons not obvious from the chart. From | 
02.30 to 05.00h the load carried was limited by the boiler. 
Otherwise the chart presents several exercises in the understand- 
ing of the relation of the several curves to each other. 

Fig. 8 gives an example where cause and effect seem more 
clearly related. The machine was practically cold when starting 
operations commenced at about 09.00h. After a cautious start 
the rate of heating was accelerated at about 11.00h (by taking on 
load), but under the prevailing conditions the accelerated rate) 
proved more than the machine would accept, and the rotor 
developed eccentricity. The corrective was to reduce the rate! 
of heating by greatly reducing the steam flow, dropping all load 
and even losing speed. The desired effect was rapidly achieved. 
At about 12.30h the general temperature level was such that 
speed could be restored, and load accepted again without 
adverse effects. It is believed that on this occasion turbovisory 
equipment was the means of drawing attention at a critical time 
to a condition which might have got out of control if it had 
been allowed to persist. 

In the previous examples eccentricity was increasing at a 
dangerous rate and somewhat drastic action was necessary. 
Usually—and especially after a little experience of a machine— 
only a reduction in the rate of heating is required. This is 
illustrated by the record shown in Fig. 9. 

Fig. 10(@) shows an interesting record. Apparently random 
fluctuations in eccentricity occurred. On examination an h. p. 
feed-water heater proved to be flooded. 

Fig. 10(5) shows the effect on eccentricity when full load was 
thrown off owing to a cable fault. The sudden increase in 
eccentricity from 0:004in to 0:007in may not be an indication 
of shaft bending, but possibly an oscillation of the shaft in the 
bearings following the rapid reduction in torque. It will be 
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Fig. 9.—Start of 60-MW turbine after 38-hour shut-down. 


emembered that the instrument measures horizontal movement 
nly. Possibly, a temporary bend may be indicated, since 

sudden loss of load produces a change in the temperature 
istribution and in the flow of steam through the turbine glands. 
The above records cover a period of several years during which 
1e average time for starting the turbine has been considerably 
duced. Turbovisory equipment may claim to have made an 
nportant contribution to the improved knowledge which has 
sulted in this reduction. 


(4.2) Three-Cylinder 50-MW Turbine 


After more experience had been gained, an opportunity was 
afforded for making systematic observations, including the steam 
and metal temperatures, on the starting and running of a 50-MW 
3-cylinder machine running at 3 000 r.p.m. The steam conditions 
were of the order of 9001b/in* and 900° F supplied from a range. 
Turbovisory equipment showing differential expansion and rotor 
eccentricity was fitted to the h.p. and i.p. cylinders. 

Fig. 11 shows an interesting record of a start after a 34-hour 
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Fig. 10.—Records of 60-MW turbine. 


(a) Flooded feed-water heater. 


(b) Generator tripped on fault. | 
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Fig. 11.—Start of 50-MW turbine after 34-hour shut-down. 


week-end shut-down. The starting time on this occasion was 
prolonged in order to allow a number of experiments to be made. 
With this particular machine, it was found that the rate at which 
it could be run up and loaded was limited by the onset of 
vibration of the h.p. rotor. The vibration is due to deflection 
of the rotor, and the record of its eccentricity therefore becomes 
the criterion by which running up and loading proceeds. The 
turbovisory records show the development of deflection before 
vibration is evident, and at low speeds, deflection is shown long 


before vibration can be felt. The experiments made during this. 
starting time had the object of finding what conditions caused 
deflections, with the hope that the reasons would emerge. 
Starting at 08.40h with a rotor which the record shows to be 
substantially straight, there is a fairly steady increase in eccen- 
tricity with increasing speed up to about 2000 r.p.m. ~ The 
increase in eccentricity may be due to the increased centrifugal 
forces due to increased speed, but this assumes that, owing to 
deflection, the rotor was more out of balance initially than it 
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was believed to be; or it may be due to some other cause whose 
effect also increases with speed, for example increased steam flow. 
Another possible cause could be that the spring coupling was hold- 
ing the driving end of the rotor a little eccentrically. Since the 
turbovisory magnets are at the opposite end, coupling eccentricity 
would appear as an eccentricity reading of perhaps one-tenth of its 
true valueatlowspeeds, butas the speedincreased, centrifugal forces 
would be set up all along the shaft, and the consequent deflection 
of the rotor would be recorded on the instrument as an increasing 


eccentricity. To give the coupling an opportunity of readjusting. 


itself, torque was removed by tripping at 09-20h, but it will be 
seen that no improvement was effected. 

The eccentricity continued to increase with increasing speed, 
and a little before 09-50h it had reached what was considered 
to be about the maximum that could be allowed. The speed 
was reduced to 2000r.p.m., and the eccentricity greatly 
diminished; it was better, in fact, than it had been at 2 000 r.p.m. 
previously. The drop in speed was partly brought about by a 
reduction in vacuum, which was progressively reduced until about 
10-20h with the object of increasing the steam flow without 
increasing the speed, to see if eccentricity varied with steam flow 
rather than speed. It will be noted that the eccentricity did not 
increase. However, there is a qualifying circumstance. It was 
not realized at the time that one of the steps taken to reduce 
vacuum would be to allow air to enter the system via the turbine 
glands. The flow of cool air along the shaft surface may account 
for the rapid improvement in eccentricity. 

At 10.20h normal conditions were restored; hot steam began 
to flow through the glands, and the vacuum increased. Speed 
increased, as did the eccentricity—so much so that the set was 
tripped. Two things will be noted. One is the increase in 
eccentricity following the change from cold air to hot steam 
flowing in the outer-gland labyrinth; and the other is the con- 
siderable decrease in eccentricity which accompanied the slight 
reduction in speed after tripping. When full speed was again 
reached at 10.40h there was a sudden increase in eccentricity, 
and again it was thought expedient to trip. 

Although the mechanism might not be entirely clear, it was 
apparent that large temperature differences or rapid temperature 
increases or both were a prime cause of shaft deflection. How- 
ever, starting a turbine is largely a process of raising the various 
parts to their working temperature, and temperature must be 
increased. Also, the danger attendant on a given eccentricity 
increases with the square of the speed. Thus it was reasonable 
to experiment by running the turbine steadily at about 2 000 r.p.m. 
where the eccentricity remained at a safe value, in order to 
observe whether the corresponding steam flow would produce 
the desired general rise in temperature level. The striking lesson 
from this experiment carried out between 11.00h and 11.30h 
was that it gave no apparent advantage. As there was no 
increase in general temperature level, there remained no alterna- 
tive but to increase the steam flow. Some improvement could 
have been made by reducing the vacuum, but it was clear that 
the speed must be allowed to increase, and accordingly, at about 
11.40h the speed was increased to 3 000 r.p.m. again. The eccen- 
ricity remained tolerable. The probable explanation is that at 
ome part of the rotor, where temperature measurements were not 
yeing taken, the soaking from 11.00 to 11.30h had raised the 
emperature sufficiently to ensure a tolerable temperature 
lifference under full-speed steam flow conditions. At 11.50h 
he records showed that eccentricity, although at a rather high 
value, was steady, and consequently load was applied. Usually, 
f the general temperature level is high enough, the effect of 
plying load is to reduce the eccentricity, but in this example, 
uitable conditions had not quite been established, and an 
ncrease in eccentricity followed the increase in load. The load 
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was reduced and gradually the eccentricity fell. To accelerate 
the process when it was thought that suitable conditions had 
been established, the load was increased at 12.30h to 10 MW 
and then held, as an experiment, at this figure until 14.30h. It 
was expected that the steam quantity corresponding to this load 
would be ample to raise temperatures to a stable level with a 
consequent steady reduction in eccentricity. This expectation 
was not borne out, but as the loading was progressively increased 
to maximum between 14.30h and 15.40h, the eccentricity 
diminished to a negligible amount. There is probably some 
significance in the irregularity of the eccentricity record between 
14.30 and 14.50h. It may indicate either resettling of the 
coupling springs with increased torque or spasmodic release of 
restraint on an expanding gland sleeve. At full load and with 
the turbine thoroughly warm, the rotor returned to its concentric 
state and ran smoothly, well below the threshold of perceptible 
vibration. 

Nowhere in the record of this start is there any evidence of a 
rub between moving and stationary parts. Throughout it will 
be seen that the eccentricity was readily controlled by reducing 
speed. The rotor, it should be stated, had no critical speed 
below 3 000 r.p.m. 

The start was greatly prolonged in the quest for knowledge, 
but even allowing for this, it indicates the difficulty, where there 
is a tendency to transient deflection, of passing sufficient steam 
to provide a satisfactory rate of heating. 

The inlet-belt metal temperature at the beginning of the 
previous start was about 200°F, and it was not until the metal 
temperature had reached about 600°F that the rotor began to 
settle down towards a smooth running condition. It would be 
expected, then, that if a start was being made with the inlet-belt 
temperature already at 600° F, no difficulty would be experienced. 
Fig. 12 shows the record of such a start. The turbine had been 
shut down for about six hours during the night. No experiments 
were tried. Gland steam was used freely to maintain the rotor 
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Fig. 12.—Start of 50-MW turbine with warm cylinder. 
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temperature in the region of the glands. The steam supplied 
(from a range) was always hotter than the metal. No effort was 
made to force the start, but it will be seen that rolling began at 
05.10h and full load had been accepted by 06.00h. Eccentricity 
increased a little, but the temperature level was such that the 
application of load had a salutary effect, and no pause was 
necessary. The Figure shows the record of the eccentricity of 
the ip. rotor as well as that of the h.p. rotor. It is interesting 
to note that the i.p. rotor developed some eccentricity shortly 
after the h.p. rotor began to straighten again. It seems likely 
that the conditions causing deflection were established by an 
advancing temperature front as the steam flow increased. 

It became apparent from a study of the behaviour of this 
machine under starting conditions that, with this design, sig- 
nificant eccentricity was likely to be experienced if the difference 
in temperature between the incoming steam at the turbine steam 
chest and the metal at the inlet end exceeded 250° F. 

In the two starts previously described steam was taken from 
a range, but subsequently special arrangements were made to 
run the machine as a unit in conjunction with a pair of boilers 
isolated for this purpose. Figs. 13 and 14 show the record of 
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Fig. 13.—Cold start of 50-MW turbine with controlled steam 
temperature. 


the starts made under these unit conditions, but with the boiler 
steam temperature controlled so that the difference between the 
turbine stop valve and metal temperature never exceeded 250° F. 
It will be seen that the starts were rapid and free from difficulty. 


(4.3) Three-Cylinder 60-MW Turbine 


The value of the permanent record provided by the turbovisory 
equipment is well illustrated in Fig. 15, where examination of 
the record disclosed the gradual distortion of a turbine rotor 
during service. It was the h.p. rotor of a 3-cylinder 60-MW 
machine, running at 3 000 r.p.m., which had been operating at 
an inlet temperature approaching 900° F. 

Attention was drawn to the rotor through difficulty in starting 
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Fig. 14.—Start of 50-MW turbine after 6-hour shut-down; | 

controlled steam temperature. | 
after the set had been in commercial service for about six 
months, the turbovisory record showing a rise and fall in eccen- 
tricity with increase and decrease in speed, possibly indicating 
that the rotor was out of balance. Past records were examined, 
and it was seen that there had been an increase in running 
eccentricity with time. AlJthough this must have produced a 
gradual deterioration in balance, it was imperceptible in the 
running of the set. 

Fig. 15(a) shows a typical portion of a running record with 
the set near maximum load, taken soon after commissioning; 
(b) is the record after about two months’ operation; and (c) 
after about four months’ operation. (d) and (e) are two starting 
records, (d) at an early stage, and (e) three months later. 


Table 1 


60-MW TURBINE—VALUE OF ECCENTRICITY RECORDS 


Recorded eccentricity 
Period of 
record 


Maximum | Minimum] Average 


in in in 

0:-0025 | 0:00025| 0-001 
0-003 | 0:0005 0-002 
0-0065 | 0-002 | 0-003 


Initial Ae 
2 months later .. 
4 months later .. 


Table 1 gives the data obtained from each running record 
and indicates a progressive increase in eccentricity which i 
allowed to continue might have led to a breakdown. A steam 
pipe was removed and the rotor clocked in position, when i 
was found to be eccentric by 0:0025in. This provokes the 
thought that it is surprising that a bend which produced nc 
noticeable symptoms at full speed (apart from those shown by 
the turbovisory equipment) should have caused trouble at lowe! 
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was additive to the permanent bend. The experience also draws 
attention to the high standard of balance and stability which the 
use of turbovisory equipment promotes. 


(4.4) 15-MW Gas Turbine 


Some experience has been gained with turbovisory equipment 
as an aid to running up a 15-MW gas-turbine installation. This 
turbine consists of an |.p. and an h.p. unit, the I.p. unit being 
coupled direct to the alternator and run at 3 000 r.p.m., whilst 
the speed of the h.p. unit varies with the load. Turbovisory 
equipment is fitted to each unit. The turbine rotors and cylinders 


8-00 Bes GOS Wes 12.00 are made of different materials, the rotors being ferritic forgings 
nye, cok and the cylinders austenitic castings; the coefficient of expansion 
a ice = of the cylinder material is thus some 50 % greater than that of 
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HAMAS ATONE more important feature than in the case of steam turbines. 
The set was originally run up to speed on the basis of gas-metal 
[ z temperature difference. Thermocouples were peened in to the 
| turbine cylinders around the inlets to give the metal temperature, 
the gas temperature being measured by thermocouples at the 
turbine inlet. A temperature difference not exceeding 100°C 
2-00 1300 vies i5.GO GOS mae between gas and metal was the criterion by which heat transfer 
TIME, HOURS was regulated in order to avoid thermal shock on the austenitic 

x10-? a) turbine casings. 
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ee 500 co ae ES SEE 100°C of that of the gas stream, before continuing the heating 
TIME, HOURS process. To illustrate this method Fig. 16(a) as recorded on the 
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Fig. 15.—Records of 60-MW turbine, showing rotor deterioration. 


Lp. unit shows a relatively slow and uniform rate of differential 
contraction; there is a disturbance, however, at the point where 
the reheat combustion chamber was ignited. The run-up time 


was 1h 32min, and a further 1h 15min was needed to reach a 
load of 6 MW. 

The latest method is to use the turbovisory equipment through- 
out the starting and loading cycle. The aim has been to reduce 


speeds during running up. It may be significant that the rotor 
1ad a critical speed below the running speed. Even taking this 
nto account, it must be concluded that some effect other than 
ack of balance was present during the run up, and this effect 
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Fig. 16.—Differential-expansion records of 15-MW gas turbine as an aid to starting. 
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Fig. 17.—Transverse temperature gradient, radial displacement and centrifugal force of turbine rotors. 


(a) Speed for centrifugal force to equal weight of shaft. 
(b) Radical displacement of centre of mass. 
(c) Effect of transverse temperature gradient. 


the time taken and hence to reduce the quantity of fuel used 
when the set is, of necessity, running at a low efficiency. The 
hand throttles are opened at such a rate as to give a uniform 
predetermined rate of movement on the turbovisory expansion 
chart. This method of running up is shown in Fig. 16(5), taken 
from the I.p. unit, from which it will be seen that the time taken 
before going on load has now been reduced to 34min and the 
additional time taken to reach a load of 10 MW has been 
reduced to 37min. Reference to this chart shows that after a 
steady load was reached the rotor continued to contract relative 
to the cylinder at a diminishing rate for a further 20min, but no 
ill effects are shown on the eccentricity chart alongside. 


(5) INTERPRETATION OF ECCENTRICITY READINGS 

The eccentricity indicator is especially useful because it shows 
the development of eccentricity before vibration becomes notice- 
able. The effect of eccentricity is, of course, to displace the 
centre of mass of the rotor from the axis of rotation, and it is 
the amount of this displacement which is the primary concern. 
As previously described, turbovisory equipment in current use 
does not measure the mass displacement directly; it is more 
convenient to take the measurement on the shaft outside the 
steam space. This is a good position from the point of view of 
the electrical coils and wiring, but it does raise difficulties in the 
interpretation of the readings obtained. 

The obvious approach to interpretation is to assume that 
normally the shaft runs with its geometric axis and its centre of 
mass coincident with the axis of rotation. This axis of rotation 
is determined by the position of the journals in the bearings, 
and the gravitational deflection of the shaft. When the rotor 
deflects, the first assumption must be that the deflection is in one 
diametral plane only, and that it diminishes to zero at the centre 
line of each journal, where the position in the bearing remains 
unchanged. Outside the journals the deflection is opposite in 
phase to that between the journals. If it is further assumed that 
the curvature between the bearing centres is constant, and the 
portions at the ends are tangential at the bearing centre lines, it 
is easy to obtain the relation between indicated eccentricity and 
radial displacement of the centre of mass. 


It may be useful to recall the order of the quantities unden 
discussion. For instance, Fig. 17(a) shows the radial displace- 
ment of the centre of mass which would produce a centrifuga 
force equal to the weight of the rotor. At 3000r.p.m. fa 
required displacement is about 0:004in. This is shown pic- 
torially in Fig. 17(b). Fig. 17(c) shows how easily the dis- 
placement can be produced by a relatively small temperature! 
difference. It illustrates a rotor, about 9ft between bearing 
centres, having a shaft diameter of 15in, in which there is ai 
temperature gradient of only 3°F across a diametral plane for 
the whole length of the rotor, which may be operating at tem- 
peratures up to 900°F or more. As a consequence the rotor 
deflects 0-001in between the bearings. To measure these 
deflections, a reading is taken outside the bearings. Based on 
the assumptions previously made, the indicated reading will be 
about one-half to one-third of the displacement of the centre of 
mass, for a rotor of normal proportions. (The actual reading 
shown on the instrument must be divided by two to give the 
eccentricity or displacement.) If it is postulated that a centri- 
fugal force must not exceed half the weight of the rotor, the 
centre of mass deflection must not exceed 0-002in and the 
reading on the instrument must therefore not exceed 0-001 in 
eccentricity, or 0:002in as indicated. For 1 500-r.p.m. machines 
these figures must be multiplied by four. 

When turbovisory equipment was first installed, efforts were 
made to keep well within this figure. However, experience has 
shown that rotors run satisfactorily with higher readings. Even at 
an eccentricity reading of 0-005in at full speed, there is no serious 
roughness, although sometimes a little vibration is noticeable. 

Where deflections arise from thermal causes, the most severe 
curvature may be in the glands, near the bearings, thus giving a 
defiection curve which exaggerates the reading and reduces the 
effective displacement. The deflection may not be entirely ir 
one plane, or it may be complex so that there is no relatior 
between the reading and effective displacement. Of course, a 
complex curve could have the opposite effect and result in ¢ 
reading which was low and misleading. In view of severa 
experiences where the turbovisory equipment has obviously 
over-estimated the effective deflection, it is a curious an¢ 


WITH SPECIAL REFERENCE TO THE OPERATION AND DESIGN OF MODERN POWER PLANT 


important fact that no instance of the turbovisory reading under- 
estimating the effective bend has been observed so far. 

The largest eccentricity readings associated with smooth 
running are found in the intermediate rotors of three-cylinder 
machines, where the three rotors and the generator are in line; 
there are spring-type flexible couplings between the h.p., i.p. and 
lp. rotors. The ip. eccentricity detector magnets are at the 
inlet end between the spring coupling and the first bearing of the 
ip. rotor. Indicated readings of i.p. rotor eccentricity of over 
0-010in have been observed in several instances, with negligible 
accompanying vibration. ; 

One rather interesting suggestion was that since turbovisory 
equipment was sensitive to eccentricity but not to frequency, the 
large eccentricity might be explained by that shaft following an 
eccentric path at a lower cyclic frequency than the speed of 
rotation. The turbovisory equipment allows such a lower fre- 
quency to be detected. Accordingly tests have been made, but 
so far no low-frequency cycle has been discovered. In con- 
sidering these problems it should be noted that bearing clearances 
are always large compared with any tolerable eccentricity. 

Work is proceeding on the problems outlined in the foregoing, 
but it seems important to recognize that at the present time the 
eccentricity indication of turbovisory equipment should be read 
in conjunction with the known experience of any particular 
machine. 

Experience will be built up gradually, with machines under 
careful observation. Having once established the characteristics 
of a machine, operational routine will be developed to suit, 
using the turbovisory readings as a guide. Any deviation from 
the normal readings for a given condition will have careful con- 
sideration. It may indicate some abnormality developing and 
give the great advantage of enabling plans for attention to be 
made well in advance. 


(6) USE OF READINGS AS AN AID TO OPERATION 


When considering the use of turbovisory equipment as an aid 
to starting, it will be seen that the two indications which enable 
control to be exercised are those of eccentricity and differential 
expansion. 


(6.1) Temporary Deflection (Eccentricity) 
It will be useful to discuss some of the causes of deflection. 


(a) Stationary rotor lying in a hot cylinder.—These conditions 
apply just prior to starting after, say, a night’s shut-down. The 
temperature in vertical transverse places in the hot cylinder of a 
turbine at rest is rarely uniform, and consequently the rotor lies 
in a transverse temperature gradient and bends accordingly, 
usually convex upwards. This state of affairs is immediately 
shown on the turbovisory record when slow turning begins. 
The slow turning period must be long enough to allow the rotor 
to straighten before the run-up. Otherwise it will deflect still 
more under the influence of the unbalanced centrifugal force 
until it rubs against stationary elements, and in consequence 
becomes overheated locally and so permanently distorted. It 
s of the utmost importance that a rotor is straight within close 
imits before it is run up to speed. 

Formerly the perception of the turbine driver was the only 
safeguard against running up with a bent rotor, and tribute must 
9e paid to the high tradition of competence which has been 
sstablished, but the turbovisory equipment now gives a warning 
vell before vibration indicates approaching danger. 

Although turbovisory equipment in one or other of its settings 
hows if a rotor is bent, it usually records readings taken in a 
1orizontal plane. The bending of a stationary rotor in a hot 
ylinder has been accurately observed by means of a dial micro- 
neter with vertical extension rod bearing on the shaft. Fig. 18 
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Fig. 18.—Bending of stationary rotor immediately after shut-down. 


shows the readings noted on such an instrument for a period 
after stopping the rotor. It will be seen that the rotor bent 
upwards between bearings. After two hours of upward bending, 
the rotor was turned through 180° and the bend was corrected, 
as would be expected. 

In machines without turning gear it has been noted that it is 
sometimes difficult to re-start after a short shut-down, whereas 
after a prolonged shut-down there is no such difficulty. The 
explanation is clearly that after a short shut-down the tem- 
perature level is high and temperature gradients correspondingly 
large, and hence the stationary rotor is bent more than after a 
long shut-down. The greater bend requires longer slow running 
for its removal. 

Since the temperature gradient almost certainly starts in the 
cylinder and is transmitted to the rotor, liability to this kind of 
bending depends on factors such as the completeness of lagging 
and the existence of hot or cold air streams around the machine. 

(b) Temporary thermal gradients developing in transverse sections 
of the rotor even when it is rotating —These arise from non- 
uniform heat flow into the rotor. Probably the most general 
cause of such non-uniform heat flow is a gland sleeve which is 
much hotter than the shaft, and owing to differential expansion, 
is making contact only along a line. Heat flow into the shaft 
is most rapid along this line. Section 7 describes an experi- 
ment showing how bending takes place under these conditions. 
A gland sleeve will become much hotter than the shaft when the 
steam supply is much hotter than the turbine, and the mass of 
steam flowing is sufficient for rapid heating to take place. 

Temporary bending of this type may occur at any speed, and 
its early detection is an invaluable service of the turbovisory 
equipment. When it does occur the remedy is to reduce the 
steam flow, and consequently the speed, until the condition has 
corrected itself. 

Where a rotor runs above its critical speed, it is particularly 
important to note that there is no appreciable bend when the 
speed has reached 1-200 r.p.m. below the critical speed. When 
it is observed from the turbovisory indicator that the rotor is 
straight it should be taken quickly through its critical speed. 

It will be found that as temperatures approach the working 
level, or whenever steam and metal temperatures approach 
within, say, 150°F of each other, the tendency to deflection dis- 
appears. Until this condition has been attained, the eccentricity 
indicator should receive careful attention. 

Other possible causes of non-uniform heat flow into or out 
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of the shaft are uneven discoloration of the rotor surface, or 
splashes of water impinging on the rotor. 

(c) Non-uniform restraint on the differential expansion of 
sleeves with respect to the shaft—Temporary deflection due to 
this cause may persist to some extent under rapid starting con- 
ditions during the mature life of the machine, but usually the 
effect is most pronounced during early life and accounts for 
some of the “teething”’ troubles. 

It is believed that temporary deflections as described under 
(a) and (b) above are the main causes of permanently bent shafts. 
Accidental contact between fixed and moving parts, i.e. a rub, 
is an essential feature in the mechanism producing a permanent 
bend. The indication of the turbovisory equipment enables 
bending to be detected and corrective measures applied, in ample 
time to avoid a rub. A rub can occur from causes other than 
the temporary bending of the rotor and will, of course, first 
cause a temporary deflection which, if allowed to persist, will 
lead to a permanent bend. 


(6.2) Rubbing 


Rubbing may be caused by distortion of the cylinder. It is 
probable that all cylinders distort a little as the temperature 
increases or as temperature conditions change, but in the early 
life of the machine, clearances will accommiodate themselves to 
suit; and thereafter no effect on the rotor, and hence on the 
running, will be apparent. However, exceptional circumstances 
may produce exceptional distortions at any time; one such 
circumstance is the sudden entry of water with the steam. 

The rotor may be unaffected thermally, but nevertheless may 
run eccentric with consequent bending due to centrifugal forces. 
This could be due to faulty coupling alignment. 

Turbovisory equipment detects bending or eccentric running 
of whatever type. Up to the present there has been no instance 
where it has underestimated the gravity of a situation. 


(6.3) Differential Expansion 


Most turbines are designed with axial clearances of 0-060 to 
0-100in on the inlet side of the rotor blades and 0:2 to 0-3in 
on the outlet side. 

Where the rotor has a much smaller mass than the cylinder, 
the rotor rises in temperature during starting much more rapidly 
than the cylinder and even the large back clearance may be 
taken up by its more rapid expansion. To avoid this, heavy 
cylinders are often provided with means for heating the heavy 
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horizontal joint flanges independently of the steam flow through 
the blading. The cylinder is thus enabled to keep in line with 
the rotor. 

The reverse effect, although much less marked, occurs on 
stopping, and here there is the additional danger that air may be 
drawn in through the glands and cause rapid contraction of th : 
rotor. | 

All these effects are readily detected by the differential expan- 
sion equipment. Fig. 19 is self-explanatory and shows hovy 
differential expansion may be controlled. 
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(7) THE USE OF READINGS AS AN AID TO DESIGN 


Turbovisory equipment subjects a number of characteristics 0 
steam-turbine behaviour to continuous scrutiny. Rotor bending, 
for instance, which was previously significant only to the exten 
of the impression made on the operator by the resulting vibration, 
is now measured and placed on record, and inquiry into th 
reasons for certain characteristics of behaviour has been greatly: 
stimulated. One of a number of studies which are now ini 
progress may be taken as an illustration. 

During the course of a run-up, a rotor which has been started! 
in a straight condition often temporarily deflects. This transien 
bending is recorded and studied in relation to the starting pro- 
cedure. Such a study has led to the conclusion that som 
transient bends originate in the gland portion of the rotor, an 
it has been suggested that during periods of large temperatur 
difference between the outside of a gland sleeve (where ho 
steam is passing) and the shaft inside the gland sleeve, heat flow: 
from sleeve to shaft is significantly non-uniform and produces} 
transverse temperature gradients in the shaft. 
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WITH SPECIAL REFERENCE TO THE OPERATION AND DESIGN OF MODERN POWER PLANT 


This theory was tested experimentally. A rotor was slung in 
a lathe, and a small oven was built round the gland portion. 
Thermocouples were placed in the sleeve and at the centre of 
the shaft. The sleeve was heated while the rotor was rotated 
slowly. A dial micrometer bearing against the shaft registered 
any bend which took place. The first sleeve to be tested was 
the usual design which makes continuous contact with the shaft 
over the whole of its inner surface. Fig. 20 shows how the 
temperatures in both the sleeve and shaft changed; it also shows 
how the shaft bent. It will be observed that the bend is closely 
related to the temperature difference between sleeve and shaft, and 
that when this difference falls sufficiently the rotor becomes 
straight again. The record suggests that no bending occurs 
until the sleeve temperature is above that of the shaft by an 
amount which causes the original shrink fit to be lost by thermal 
expansion. Line contact then occurs, and the consequent more 
rapid flow along this line explains the development of trans- 
verse thermal gradients. 


(8) CURRENT DEVELOPMENTS 
So far only two measurements have been discussed ; subsequent 
experience has indicated that the other readings may be of value, 


and it is proposed to incorporate these additional measurements 
on many of the new equipments at present being manufactured. 


(8.1) Additional Measurements 


The following additional readings have been considered and 
apparatus has been designed to provide the measurements: 
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(a) Speed and Kilowatt Output. 


Examination of the various turbovisory records has always 
meant a check on the speed and kilowatt output of the set at 
the relevant times. These two readings have accordingly been 
incorporated in the records so that during any subsequent 
examination of the charts full relevant information is available 
for analysis. 


(b) Steam|Metal Differential T. emperature. 


Although turbines can only be heated by means of a tempera- 
ture difference between steam and metal, a small temperature 
difference appears to give the most reliable assurance of smooth 
starting. Thus an optimum temperature difference tends to be 
established, dependent upon the particular turbine and the 
Starting rate desired. An indication of selected temperature 
difference is therefore valuable. 


(c) Overall Expansion. 


Many operating engineers have concluded that turbines should 
not be run-up whilst they are in contracting condition. Since 
the cooling time of a turbine is considerable, it will be appreciated 
that this movement must be measured accurately if the earliest 
possible start is to be made—in other words, the exact time 
when a turbine changes from contracting to expanding is con- 
sidered to be an essential piece of information. 
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(d) Vibration. 

Whilst it is generally accepted that the measurement of eccen- 
tricity already described gives preliminary warning of vibration, 
there are a number of operating engineers who consider that 
the measurement of vibration is extremely valuable, since apart 
from shaft distortion it can indicate and record incipient bearing 
trouble. 


(e) Valve Positions. 


Whilst these are not normally indicated, this information can 
be suitably presented if considered desirable. 


(8.2) Description of Vibration Equipment 


The vibration detector consists of a mass of soft iron, sus- 
pended on flat springs between the pole faces of a U-shaped 
laminated core, so that it is free to move in one direction of the 
horizontal plane. A small permanent magnet is fixed to the 
base of the detector, and the magnetic circuit is completed 
through the soft-iron mass and through the laminated core. 
Search coils are wound on the fixed laminated core. If the base 
of the detector is fixed to a vibrating surface it will vibrate, but 
the suspended mass will remain in one position, providing that 
the frequency of vibration is not the same as the resonant 
frequency of the seismic mass. 

The relative movement between the soft iron and the laminated 
core causes induced voltage to appear across the search coils. 
These voltages are proportional to the displacement of the base 
of the detector relative to the seismic mass, and hence to the 
amplitude of vibration of the base upon which the detector is set. 

An amplifier unit which can be adjusted to the correct gain, by 
using an independent calibrating signal on the input, is connected 
in turn to a series of these detector units. Hence each bearing 
can be examined in turn for in-line and transverse vibration. 


(9) SUGGESTED PRACTICAL TURBOVISORY EQUIPMENT 

Fig. 21 shows a modern turbovisory equipment, based on 
experience gained over the past few years. It consists of two or 
three separate recorders all synchronized and supplemented by 
suitable indicators where they are considered necessary. 

The first recorder gives two separate and continuous traces, 
one of eccentricity and the other of speed, each reading being 
duplicated by suitable indicators. Since these quantities are 
important and quick moving, continuous records are considered 
essential. 

The second recorder is of the intermittent multi-trace type 
and gives indications at intervals of 5 or 15sec. This will 
record the differential expansion, the generator kilowatt output 
and any temperatures which may be required. Since all these 
quantities are slow-moving, the intermittent nature of the record 
is no drawback. Suitable indicators may be added. 

If vibration measurements are required, another intermittent 
multi-trace recorder may be used, coupled through a suitable 
automatic switch which selects each seismographic head in turn, 
to give a record of its vibration output. 

Periodic checks of the chart will serve to indicate incipient 


trouble. 
means of a special switch. 
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DISCUSSION ON THE ABOVE TWO PAPERS BEFORE THE SUPPLY SECTION AND THE STEAM 
GROUP OF THE INSTITUTION OF MECHANICAL ENGINEERS, 24TH NOVEMBER, 1954 


Mr. F. Shakeshaft: I am sure that we shall all wish to con- 
gratulate the authors of these two papers, which deal with 
important problems associated with the safe operation and new 
design features of large plants using extra high pressure and 
temperature steam cycles. They jointly cover research and field 
work over the past 12 years. 

In 1942, Mr. Karl Baumann approached the late Sir Johnstone 
Wright for assistance in procuring thermionic valves, condensers, 
inductances, etc., by means of which to construct the first British 
turbovisory gear. Somewhat protracted negotiations with the 
departments of the ministry concerned were necessary before 
this material could be obtained for use in the manufacturing and 
electricity supply industries. At that date Mr. Baumann fore- 
cast that nearly a decade would elapse before the gear would be 
perfected and the full benefits accrue in respect of safe operation 
and the evolution of advanced designs for machines in the 
100-200 MW capacity range. A study of the papers confirms 
this view, but in the meantime its wide adoption has enabled the 
safe commissioning of plant with a power of over 44 million kW, 
and it has probably saved several million pounds sterling by the 
avoidance of enforced outages and costly repairs. As even the 
suggested practical and extended turbovisory equipment can be 
installed at considerably less than 1°% of the turbine plant cost, 
or about that involved in little more than one day’s outage of a 
large plant, I am sure it will be agreed that the provision of such 
gear is a cheap insurance. 

We have not reached finality in the development of this equip- 
ment, and as is already contemplated by one manufacturer, I 
suggest that the cubicle gear be so packaged as to enable it to 
be incorporated in (a) stations already designed to have separate 
boiler and turbine control panels, (5) those designed to use a 
combined boiler and turbine control panel, and (c) future 
centralized control rooms. Such a policy would expedite the 
manufacture, erection and commissioning of plant. 

In view of the fact that during the next four years the B.E.A. 
are to commission some 100 sets of 60 MW capacity in the 
9001b/in2, 900°F class, and about 40 sets in the 100-120MW 
class, using steam at a pressure of 1 5001b/in2 and temperatures 
of 1 000-1 050°F, including reheat, I would make the strong 
recommendation that overall expansion gear be also included in 
the equipment, and would also suggest that the other equipment 
should have the following order of importance (the first four 
items are mechanical): 


(i) Overall expansion. 
(ii) Axial clearances. 
(iii) Eccentricity. 
(iv) Steam/metal temperatures. 
(v) Pedestal vibration. 
(vi) Speed and kilowatt output. 
(vii) Valve positions. 


With regard to overall expansion gear, many of the 140 sets 
will be of the 3-cylinder type, some being reheat sets with triple 
exhausts. The full expansion will therefore range from about 
0-75in to over lin from the cold to the hot state. Moreover, 
quite a number have separate thrust blocks for each cylinder and 
flexible couplings between h.p. and i.p., i.p. and I.p., and Lp. 
generator spindles. Experience indicates that if the spindles heat 
more rapidly than the casings there is a distinct danger of 
“coupling lock,” especially in large-capacity sets with their asso- 
ciated high torques. This has resulted in the h.p. thrust taking 
all the load, and has even caused heavy wear on the surge pads 
of the i.p. and I.p. thrust bearings. Records show that, within a 
few days, wear of up to 0:080in has been scoured from the surge- 


pad surfaces. The loading of a machine with the casings under- 
going contraction also aggravates such troubles, and the pro- 
vision of overall expansion gear therefore assists the turbine driver 
to avoid dangerous starting and loading conditions. 

Overall expansion gear is also useful to the driver in giving a 
continuous recording of the outer pedestal movement and indi- 
cating whether or not any stricture has developed owing to the 
roughening of guide keys, etc. In the United States the General 
Electric Company are now fitting rows of bronze pads in the 
sole plate, which are lubricated with a non-carbonizing material. 

To avoid casing distortion on nozzle-governed sets, which 
results in malalignment, Westinghouse and Allis Chalmers 
arrange that all valves are lifted simultaneously during the starting 
period. Steps are also being taken to prevent the impingement 
of hot gland-leakage steam on pedestal walls, which has caused 
misalignment in a vertical plane containing the axis of the sets. 

Axial clearances can be more accurately interpreted when 
(i) overall-expansion and (iv) steam/metal temperature readings 
are available. Consideration might also be given to the pro- 
vision of gear to indicate any possible leakage through steam-to- 
gland control valves, or alternatively to the use of two valves in 
series. 

With regard to eccentricity, the lucid explanations given in 
Sections 1, 5, 6 and 7 of the paper by Messrs. Ashworth, Hall and 
Gray on the causes, operational correction and design methods 
to control transient deflection are worthy of close study. On 
no account must these transient deflections assume such a magni- 
tude that they result in rubbing, otherwise a bent spindle is 
inevitable. 

The following observations are submitted for further con- 
sideration. First, to prevent the ingress of water under starting 
conditions the superheater and pipe line should be drained by 
dumping for as long as is necessary, at a point adjacent to the 
stop and emergency valves of the turbine. After condensing, 
this wet mixture would be sent to separate tanks, where it could 
be re-evaporated at leisure before reintroduction in the water- 
steam loop. 

Secondly, all large unit sets should be provided with pressure 
governors to reduce the turbine load in the event of coal sticking 
in the boiler chutes. Experience indicated that prior to fitting 
such a device the pressure fell by over 7%, and the temperature 
by 150-200° F in Ssec, from such a cause. It was established 
that blade breakage, partially attributable to water carry-over, 
had occurred. 

Thirdly, as transient deflection can be caused by even small 
transverse temperature differences, consideration should be given 
to exploring the thermal conductivity of rotors of either drum 
or monobloc construction. Dr. Sykes has found that carbides 
can vary the thermal conductivity in the ratio of nearly 2 : 1. 

Fourthly, investigation into the causes of oscillation of the 
rotor journals in the oil film of the bearings, which would be 
registered as eccentricity, is taking place. Nozzle-governed 
machines which must use partial and variable admission are more 
prone to this trouble and are receiving great attention in the 
United States with a view to its ultimate elimination. It would 
also appear that variations in oil viscosity can aggravate the 
trouble. 

(v) Pedestal vibration, (vi) speed and kilowatt output, and 
(vii) valve positions, call for no special comment, as they are 
mainly useful in augmenting the data outlined in (i) to (iv). It 
would, however, be useful for the speed-recording gear to be pro- 
vided with a special instrument which could graphically record 
the rate of increase of speed after the trip bolt has functioned. 
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Mr. F. J. Hutchinson: Turbovisory gear is one link in the chain 
of operational development which is forced into being by the 
increases in pressure and temperature associated with the large 
units now being designed and coming into operation. Its essential 
purpose is to enable critical particulars regarding the behaviour 
of a turbine, when being started up in the shortest possible time, 
to be continuously and easily under observation and review. 
As such it forms one part only of a chain of critical particulars, 
which must be kept under observation when a large boiler- 
turbine unit is started up, and which are together known as 
“instrumentation.” 

“Instrumentation” can be divided broadly into two parts. 
One part applies to the requirements of the unit in relation to 
output; and the other relates to the safety of the equipment and 
can be regarded as “protective instrumentation.” In Jarge 
modern power stations which are equipped with boiler-turbine 
units operating with high initial thermal conditions, the “‘instru- 
mentation’? is primarily of the chart-recorder type, and the 
necessary indicating instruments take their impulses from the 
recorders. Thus there is a tendency for the recorder charts to 
replace the traditional log sheets. Figures of less than one-half 
a man per kilowatt installed constitute the whole personnel of 
such a station, but more men are employed in maintaining the 
instruments in working order than are ever employed at any one 
time in using the instruments to run the unit. 

In Section 4.1 of the paper by Messrs. Ashworth, Hall and 
Gray, it is stated that the spindle of a 60 MW machine bent when 
low-temperature steam was admitted on starting up. Is there 
any record of the differential temperature between the steam 
and the turbine casing? Would the position have been eased 
if the rotor had been barring at, say, 100r.p.m. instead of 
probably 20r.p.m.? Figs. 7, 8, and 9, show rates of loading 
which are remarkable for their moderation; they vary from 
9min/MW to 3min/MW. Is there any reason for this, since, 
in general, loading rates of from 1 to 2 MW/min can normally 
be achieved? 

These authors comment on the robustness of the modern 
impulse turbine. Have they performed any investigations on 
supervisory gear related to turbines which are not predominantly 
of the impulse type? 

In Section 8.1 of this paper, it is indicated that additional 
measurements could, with advantage, be provided, and the 
authors would, no doubt, be the first to agree that for a pro- 
gressive outlook the purely turbine supervisory gear must be 
supported by equally critical temperature measurements related 
to the top and bottom of the boiler drum, the metal of the 
primary superheater, and the gas in the first passes of the boiler, 
etc. Without these the story is not complete. 

Mr. G. R. Peterson: The first obvious reason for the use of 
this type of equipment is safety in starting machines. It is 
extraordinary that for so many years we have left a driver in 
charge of a machine, the value of which may be several hundreds of 
thousands of pounds sterling, and provided him with practically no 
reliable indication of what is happening to the machine he operates. 

A year or two ago the B.E.A. compiled a record of the reported 
shaft faults in the past 44 years on a group of about 95 machines. 
In that group over a period of 44 years there had been 12 major 
shaft faults. Quite a number of those machines were not fitted 
with the type of equipment described, and there is little doubt 
that a number of the faults would have béen prevented had it 
been available. To emphasize the cost of this type of fault, the 
outage of a 60 MW machine may amount to as much as £10 000 
per week in additional fuel and other costs. Against that 
background, the cost of the equipment described in the papers 
does not seem very large. 

The second main use to which this equipment can be put is 


in connection with the quick starting of machines. There are. 
two main reasons for the desirability of quick starting. The first, . 
of course, is to meet the load itself. In the morning the load on | 
the supply system rises at a maximum rate of about 3 000 MW 
in half an hour. This is at a time when the total system load | 
is between 10 000 and 13 000 MW, and the percentage is about | 
0:9% per minute. These figures, however, are the average for ! 
the whole country and the average for half an hour. There is no | 
doubt that in certain periods of that half an hour and in certain 
parts of the country the rate of rise of load is not less than 1% 
per minute, and the machines clearly have to meet that rate of 
rise as a Minimum. 

The second objective in quick starting is, of course, to reduce | 
the costs of operating plant under the relatively inefficient con- 
ditions of running-up, and of keeping an excessive amount of 
spare plant on the busbars. We have made an estimate of the | 
approximate value of quick starting. It is hard to estimate these 
figures, because we do not know how much quicker we shall be | 
able to start the machines; but the probable saving on the 
system of this country as a whole will be about £700 000 per | 
annum if we can get a reasonable acceleration in the present rate 
of starting machines. The type of equipment described in the | 
papers will assist us to that end. 

The equipment described measures the physical movements | 
principally of the rotor relative to the cylinder of the machine, | 
but these, of course, are not the only factors affecting the safety _ 
of starting. There may be distortion of the cylinder itself by | 
hogging or bending. Some work on that subject has been 
published in Belgium.* Also there seems to be no very clear 
knowledge of the stresses induced in large bodies of metal 
subjected to temperature differentials which may exist in starting. | 
Do the authors consider it practicable to measure such stresses, _ 

| 
| 


and if so, how would they do it? 

Comdr. J. H. Joughin: In naval ships there are two possible 
ways in which this equipment might be used. One is in proto- | 
type ships when we send the machinery to sea and obtain records ~ 
from it, and the other, of course, is in the running of ships. At 
present, it is not so much the cost of this equipment as its bulk 
and maintenance which deter us from using it. 

With regard to axial differential expansion, we should like to 
be able to make measurements in the prototype ship and then 
produce designs such that, no matter how badly the machinery 
were thereafter operated, that axial differential expansion could 
never be taken up. Eccentricity presents a different problem. 
Running speeds are doubled, so that sensitivity must be quad- 
rupled, while at the same time the foundations are a great deal 
flimsier. I inspected a land set having 0-005in eccentricity. 
The rotor was larger than the rotors we use, but when I stood on 
the massive foundation I thought that if it had been’in a naval 
ship it would have shaken the engine-room to bits. I feel that 
we have not encountered more trouble than we have simply be- 
cause our flimsy foundations tell us whether eccentricity is present. 

So far we have not encountered temperatures above 850°F, 
and we have not had trouble from turbine eccentricity, although 
we have taken one set up from zero to full power in under 
2min. Of course, that is a very much smaller turbine than the 
authors have in mind. The homogeneity of the forging may have 
some effect, while our use of nozzle control may raise the tem- 
perature up “kindly” to the rotor as we increase the power. 

In the last few years we have used temperature control. We 
do not let in steam at under 600°F, and whenever we are 
manoeuvring we try to keep the steam temperature below 750° F. 
It is not until conditions have become stabilized that we take the 
temperature to 850°F. 


= GoprroIp, dis and JaumotTte, A.: “Le controle du démarrage des turbines 4 
vapeur,” Bulletin de l’Union des Exploitations Electriques en Belgique, May, 1954. 
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It is in standby conditions that we encounter trouble; our I.p. 
rotors bend and have caused trouble owing to vibration. In a 
ship it may not be possible to control or shut down the load in 
the same way as in a power station. Usually a small amount of 
power will keep the ship under control, and if we can keep the 
machine running gently we can probably keep the ship going 
while we ease out this vibration; but it is partly because we cannot 
really control the machine that we feel we must have control of 
the temperature. 

With regard to the interpretation of eccentricity readings in 


Section 5 of the paper by Messrs. Ashworth, Hall and Gray, - 


it must be remembered that this is a convention which is laid 
down. I am not sure whether all these machines are running 
above their first critical speed or below it, but it hardly covers 
the case where they are running above the first critical speed. 
If the bend is in the gland at each end we may actually have only 
one-quarter of that displacement of the centre of gravity or 
centre of mass of the rotor. 

Is it likely that the bulk of this equipment can be very drastically 
reduced? It would be of interest to use it in prototype new ships 
in order to obtain measurements of differential expansion in 
particular. 

Mr. E. Hywel Jones: [I will confine my remarks to the paper 
by Messrs. Ashworth, Hall and Gray. 

I would make a plea for the use of the word “‘turbovisory”’ 
instead of “supervisory.” “‘Turbovisory” is an elegant word 
which indicates very nearly what this new type of apparatus does. 
The term “supervisory” suggests administration and management 
and may well be dropped in this connection. 

With regard to the second type of apparatus, there is a ten- 
dency for the operating staff to treat it with very great respect. 
They are always concerned about the indications, and conse- 
quently they run a machine up much more carefully than they 
used to do. Occasionally that may lead to delays, but with 
extended experience of the apparatus, occasions when needless 
delays are caused will become fewer. 

In the South Wales area turbovisory equipment is installed at 
two stations, and we have never had a bent shaft at either station. 
Whilst this may be fortuitous, we also feel that the turbovisory 
equipment has assisted. If permanent damage to shafts and their 
sealing devices can be avoided, there is no doubt that the cost of 
the apparatus is completely justified. 

On one occasion we had a blade failure, and the only indica- 
tion was an increase in eccentricity, as shown on the instrument, 
of 0:005-0:0llin; this was treated seriously. Two or three 
attempts at running up were made and the eccentricity still 
persisted. Finally the i.p. casing was opened and the damage 
was discovered. The ordinary methods of feeling around the 
machine would never have disclosed this defect, and much more 
serious damage would have been caused. 

We find that the apparatus is extremely reliable and main- 
tenance is not troublesome. There may be a tendency to feel 
that electronic devices of this kind require constant attention, 
rather like the carbon-dioxide apparatus in a boiler house, but 
that has not been our experience. Once installed, the instrument 
continues to give its indication, and I know of only one case 
where for a short period the indications were unreliable. 

It may be of interest to give some information about the 
maintenance costs. Over 9500 running hours, the labour 
charges for routine maintenance averaged £6 5s. per month, and 
the cost of replacements over the whole period were £22 18s.; 
this covers two turbo-alternators. 

With our present knowledge it is hard to interpret the readings. 
So many different factors can influence the running of a machine 
that I suppose we must continue for some time collecting ex- 
yerience and realizing slowly what the indications mean. 


At present, the lighter end of a turbo-alternator is equipped 
with turbovisory equipment, on the principle that any vibration 
will appear at that end. This is rather like “‘the tail wagging the 
dog,” and I wonder whether it would not be a good idea to equip 
one or two machines very fully with recording devices on all the 
shafts. With full equipment of this type it is possible that a 
better understanding would be obtained of what is occurring. 

Mr. C. F. Smith: With the advent of the turbovisory equip- 
ment described in the paper by Messrs. Ashworth, Hall and Gray, 
many new and puzzling features of turbine behaviour have been 
found, and plant operators of many years’ experience have been 
faced with problems of turbine behaviour which previously they 
had not known were present. Thus if the turbovisory gear is to 
be of benefit, operators must learn to interpret the printed 
intelligence instantly and know the remedies for each fluctuation, 
because if a quick start is being attempted, there is no time for 
pondering and research. 

The turbovisory equipment described by the authors only 
records the diameter of displacement between the coils, the 
eccentricity and relative expansion. The operator has to deduce 
the causes of the eccentricity printed, which may pose any of the 
following problems: With a shaft bend, where is it bent? Is the 
rotor running concentrically in the bearing? Is the bend caused 
by uneven heating of the shaft by pinched-on gland sleeves? 
Is the shaft being “‘wagged’’ by the coupling? Is the shaft being 
subjected to oil whirl? Is the cylinder contracting? 

It may not be appreciated that, of the preceding causes of 
shaft eccentricity, only one causes severe vibration with small 
values of eccentricity, i.e. the true bend, with the bend in the 
centre of the rotor mass. The others will cause tremors, but 
more alarm than damage will result if the fault is not allowed to 
persist. Here lies the value of the turbovisory equipment. If 
any of the phenomena occur on a machine not fitted with turbo- 
visory equipment, the operator is ignorant of any occurrence or 
fault until the machine starts to vibrate, when it is usually too 
late to prevent any damage. Eccentricities up to 0-014in can 
be obtained in certain circumstances with no more than the 
usual vibration. I should like to give some examples of which 
I have had experience. 

The first is of a transient bend caused by uneven heating of 
the rotor by “‘pinched-on” gland sleeves. This turbine has its 
glands sealed with saturated steam. It had been noticed that, 
as the load increased on the set and the h.p.-gland steam was 
reduced or turned off, the eccentricity rose suddenly; so that it 
was normal station practice gradually to reduce the gland steam 
as the load increased in order to keep the eccentricity normal. 
It was decided to leave the gland steam on up to a load of 
10 MW and then shut it off quickly. The eccentricity immediately 
rose from 0:0015 to 0:009in as the sleeves warmed up, owing to 
the reasons stated by the authors, and after 4min it returned to 
normal. It is important to note that no roughness in running 
was noticed throughout the whole period. 

The second example concerns eccentricity due to coupling 
wobble. During a heat-consumption test at 60% on a 9001b/in2 
900° F 3-cylinder turbo-alternator, the eccentricity started to rise 
from 0:0015 to 0:009in over a period of two hours. The station 
staff consulted me about shutting down to investigate this 
problem, because they had received instructions to do so if the 
eccentricity reached 0:007in. The set was running very well 
and no excessive vibration was felt. On my recommendation 
and reasoning the test, which had 20min to run, was allowed 
to continue. As soon as the test was finished, the set was loaded 
to 45MW, by which time the eccentricity had reached 0-014in 
and the set was just beginning to “‘roughen.”’ By quick operation 
of the hand-speeder gear the load was brought quickly down to 
20MW. This sudden reduction allowed the coupling spring to 
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centralize, the eccentricity was reduced at once to 0:0015in, and 
full load was restored at 5MW/min with an eccentricity of 
0-0015in. 

The limitations of the present type of turbovisory gear are very 
obvious. Fig. 21 shows the type of equipment which experience 
has proved to be necessary for fitting on future machines. This 
equipment is a great improvement on the previous ones, which 
only showed displacement at one fixed point, and gives the 
whole picture required by the turbine driver at a glance. 

Prof. M. G. Say: In the paper by Messrs. Antrich, Gardiner 
and Hilton it is found that the magnetic qualities of the shaft 
disc are important, whereas in the paper by Messrs. Ashworth, 
Hall and Gray it is found that the shaft is quite satisfactory as 
it stands. What is the explanation of this? 

The general measurement techniques in each case derive 
from standard telecommunication methods. Thus Fig. 6 of the 
paper by Messrs. Antrich, Gardiner and Hilton shows the 
discriminator employed in frequency-modulation reception, 
while Fig. 2 of that paper and Fig. 3 of the paper by Messrs. 
Ashworth, Hall and Gray show simple amplitude-modulation 
detection similar to that for the common domestic radio receiver. 
Both methods start from substantially the same signal (derived 
from a varying inductor) but show interesting differences of 
approach in the subsequent handling. One uses a permanent- 
magnet generator and barrier-layer rectifiers, following the 
technique of line telephony; while the other relies on thermionic 
valves. The organizations concerned are fortunate in having 
electronic departments which are able to assist in the solution 
of problems of this type—an indication of the increasing overlap 
of the light and heavy electrical-engineering fields. 

Dr. R. J. Eldred: Turbine supervisory gear is not cheap and 
involves appreciable maintenance. It serves as a means of 
checking the mechanical condition of a machine during starting 
and running. The value of this increases with the size of the 
unit and the severity of the steam conditions. 

However, there are a very large number of turbines in which 
the size and steam conditions are such as to render uneconomic 
the provision of supervisory equipment of the type dealt with in 
the two papers. Such small stations are usually designed with 
the idea that a turbine driver will be stationed close to the 
operating end of the machine. The steam conditions and size 
of the machine are such as to render remote, while the machine 
is on load, the possibility of trouble which could have been 
avoided had supervisory gear been installed. The only remaining 
aspect of supervisory equipment not discounted in these smaller 
stations is the assistance given during starting, and for this 
purpose, very much simpler and cheaper apparatus can serve 
quite well. For starting, the turbine driver requires to know: 

(a) Differential expansion, which can be readily indicated by a 
mechanical indicator making contact with a collar on the shaft at 
the end remote from the thrust bearing. 

(b) Cylinder expansion, which is readily indicated by a vernier 
scale attached to the sliding pedestal. 

(c) Shaft eccentricity at low speeds, i.e. in order to ensure that the 
shaft is satisfactorily straight before raising speed. For this purpose 
a simple dial indicator or vibrometer can and has been used with 
satisfactory results. 

(d) With medium-sized sets, where the normal temperature is 
800-850°F, it is advisable to add a simple means of indicating the 
temperatures of the incoming steam and the casing metal at various 
points, e.g. steam chest and flange bolt. In order to obtain the 


trends of these temperatures it is sufficient to use a normal multiple- 
point temperature recorder with a fairly high chart speed. 


With this comparatively simple instrumentation the turbine 
driver can start up his machine in the shortest time consistent 
with safety. The full supervisory gear cannot do more, but has 
the advantage that its indications are presented away from the 
machine and can be incorporated in the equipment of a central 
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control room with, if desired, means for the remote starting 01} 
the machine by the unit control engineer. | 

This is obviously the next development to be associated with} 
turbine supervisory gear, and we should regard the type o} 
installation at present in service as but a stage in the developmen} 
towards centralized and, possibly, semi-automatic control. Fol 
such a purpose, it is absolutely essential that normal deterioratio 
of the components should not falsify the indications and thai 
breakdowns should be immediately obvious. It is questionabl¢ 
whether that stage has yet been reached. 

Mr. D. Clark: The B.E.A. hope very shortly to order a 200 M 
turbo-alternator set; I expect the cost will be about £2 million 
and the turbine alone will possibly account for, say, £750 000: 
I think that these figures indicate the scope available for equip+ 
ment of this kind to pay its way, if it can help to ensure the safety 
and the high availability of that type of unit. 

There is no point in spending a great deal of money on equip+ 
ment unless we are also prepared to pay for operators who cam 
use it to the best advantage. Technique is changing very rapidly. 
Mr. Shakeshaft mentioned the number of sets of 100 MW. 
capacity and above which are already on order. The first will 
not come into service for over a year, but already we are on th 
threshold of ordering a 200 MW unit, so that operators generally 
will be faced with some rather rapid changes, i.e. rapid by com-— 
parison with what has taken place in the last decade. I thi 
that by conventional present-day standards the salaries an 
wages of all the staff concerned with the operation of this' 
200MW unit costing £2 million will probably total about! 
£10 000 per annum. I do not suggest that more staff should be} 
engaged, but in view of the advances being made in technique, 
is there not a case for “‘paying more for more brain’? | 

Mr. Peterson mentioned an early-morning rate of rise of load. 
of 3 000MW in half an hour, or 100 MW/min, and stated that. 
that was probably about 1% of the capacity of the plant syn- 
chronized on the busbars at the same time. Of that capacity on 
the busbars, however, quite a large proportion at any one time 
will be fully loaded. Therefore, on the plant available to take 
an increase of load, the percentage rate of rise of output must 
be substantially larger than 1 %. 

Mr. W. Lloyd Williams: Supervisory gear has proved itself 
as an indicator of imminent trouble but has failed as yet to 
indicate the cause of the trouble. It is in the process of building 
up its case law. I believe that research with the use of the 
oscillograph tracing the locus of the shaft centre will help to make 
the causes of these troubles more quickly evident. 

With reference to the station with which I am associated and 
which uses such gear, the greatest difficulty encountered is that 
of interpreting the indications, and the manufacturers also seem 
in doubt about this. Although we are uncertain of the meaning 
of these indications, nevertheless they afford a timely warning 
of coming events, and usually before they are perceptible to 
touch or hearing. We are thus able to put the brake on operations 
before conditions get out of control. 

Turbine operation is now guided by this equipment, particularly 
during running-up and load changing. Although we have had 
turbine-vibration troubles, turbovisory gear has been helpful in 
preventing real shaft troubles. 

The detector units in this installation are fitted at the free end 
of the lightest of three rigidly connected shafts, and it is apparent 
that indications do not necessarily reflect h.p. shaft troubles. 

The following factors are reflected on eccentricity indication: 


Variation of hydrogen-seal oil pressure. 

Variation of condenser back pressure. 

Variation of oil temperature generally. 

Isolation of half a condenser for condenser cleaning. 

Binding of a bled steam pipe on the turbine foundation block. 


DISCUSSION ON THE PAPERS BY MESSRS. ANTRICH ET AL. AND MESSRS. ASHWORTH ET AL. 


There was also one case of malalignment between the h.p. and 
the I.p. spindle, which was evidenced by an uneven gap between 
the couplings and which, when the set was fully loaded, produced 
an eccentricity on the I.p. end of the h.p. spindle of some 0-007in. 
This was accompanied by rough running. The set could be 
made to run smoothly, and the eccentricity returned to normal, 
by any of the following adjustments: 


(a) Reducing the load from 60 to 54MW. 
(b) Raising the oil temperature to the bearings from 100°C to 


122°C (120°C was no use). 

(c) Raising the condenser back-pressure from 1 to 1°51b/in2. 

The most useful indications, and the quickest guide to possible 
trouble, are those of horizontal eccentricity. Vertical eccentricity 
does not give an early indication but acts as a confirmation of 
horizontal eccentricity. 

The axial-displacement indicator is a duplication of the shaft 
poker gauge, but it is much better displayed and much more 
sensitive. Moreover, it is a record, and records show trends 
which are extremely important in matters of this kind. It is of 
particular use when running up after short shut-down periods, 
when there is a distinct danger in admitting steam to the turbine 
at a temperature lower than that at which the cylinder may be. 
The relative movement is then in the direction in which there is 
the smallest clearance. 

In conclusion, the equipment fitted has been reliable and has 
given accurate indications. Turbine operation is now governed 
by a set of indications, the causes of which are not fully under- 
stood, but we rely upon them so much that we should feel almost 
blind if forced to do without them. The gear should be regarded 
as a necessity on all large h.p. turbines. 

Mr. H. S. Holden: I wonder whether the manufacturers them- 
selves really believe in the information this type of equipment 
gives. There seems little attempt to eliminate the elementary 
matters which affect the running of the machines, and I was 
interested in Mr. Shakeshaft’s comments on the lubrication of 
turbine sliding surfaces and other similar features now being 
tackled in America. It is very difficult to convince manufacturers 
that this is really necessary, although a great deal of proof is 
available, and I doubt whether any set in this country installed 
over five years ago is now able to expand as freely as it should. 
Other elementary lapses are evident, e.g. the provision made for 
cooling-gland sealing steam. I wonder what happens when this 
is reintroduced to glands after being shut off for a time. The 
accumulated water perhaps carries forward unless permanent 
draining is made available. 

The evidence we have available would indicate that the i.p.- 
cylinder and rotor supervisory equipment give the majority of 
abnormal indications, and very little is indicated on the h.p. 
cylinder and rotor which gives cause for concern. 


NORTH STAFFORDSHIRE SUB-CENTRE, 


Mr. L. A. E. Fosbrooke: It is essential that supervisory equip- 
ment should be installed on i-p. as well as h.p. turbines, par- 
ticularly when fine clearances between the blades are involved. 

On a 60 MW-unit plant in the Midlands Division of the B.E.A. 
the h.p. turbine failed when running up, although the super- 
visory gear associated with that turbine showed that conditions 
within it were satisfactory. 

The impression gained at the time was that a vibration 
developed in the i.p. turbine, which was transmitted to the h.p. 
turbine rotor when it was accelerating through its critical speed. 
As a result of this incident, supervisory gear was installed on 
the ip. turbine. Through this equipment, during a subsequent 
‘un-up under identical conditions to those on the occasion 


* This refers to the paper by Messrs. Ashworth, Hall and Gray only. 
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Mr. G. McK. S. Sichel: It must be remembered that the 
development of supervisory gear is of comparatively recent 
origin. It has been proved that it is a very useful tool, and we are 
now able to understand what happens when vibration is ex- 
perienced. In the early days we had our two hands, and that 
was our only supervisory gear; we ran the plant up and if it 
“ran rough” we had to “‘humour it.’’ With this apparatus we 
know what is going on but we do not know the whole story, and 
as many speakers have pointed out, one of the main difficulties 
is to know how to interpret the results which are obtained. If 
we can reproduce a set of results we can build up a theory to 
explain them, but one of the difficulties is to obtain a second 
set of readings which are identical to the first. 

I should like to mention one experience in which I was able 
to do this. In running up a three-cylinder turbine, at the instant 
we put gland steam on, vibration immediately developed. In 
order to find out which gland was responsible we turned off the 
steam one gland at a time, and finally came to the i.p. inlet gland. 
The eccentricity increased sharply to 5 mils when steam was 
applied; when the steam was turned off this gland, the eccen- 
tricity returned to zero while we were looking at the instrument. 
Steam was reapplied to the gland and the eccentricity immediately 
increased to Smils. These readings could be reproduced as often 
as desired. This could be described as a “‘controlled condition,” 
and it was possible to construct a theory to explain it. At the 
same time I cannot understand why the application of gland 
steam to a shaft which was running at about half speed 
(1 500r.p.m.) produced a condition of eccentricity. I would 
have expected that, if one wanted to warm up a shaft uniformly, 
the best way would be to apply the steam or heat while the shaft 
was rotating, but in this case it had just the opposite effect. 

I should like to give another example, of recent origin, which 
cannot be explained. A new boiler was being brought on line, 
and owing to some unforeseen factor, an h.p. turbine which was 
running on load got a “‘fairly big dose of water.”’ The average 
operating engineer would probably imagine that it would im- 
mediately contract the shaft, but the recorder instrument showed 
no movement at all. The station engineer expressed doubts 
about the accuracy of the instrument, because he thought that 
there was bound to have been shaft contraction. An experiment 
was therefore made by actually moving the shaft axially and 
checking the measured movement of the shaft against the move- 
ment recorded on the instrument; the readings were practically 
identical. We must deduce from this, therefore, that if water 
enters a hot machine in that way it does not necessarily follow 
that the shaft contracts. 


[The authors’ replies to the above discussion will be found on 
page 154.] 


AT STAFFORD, 22ND NOVEMBER, 1954* 


when the failure occurred, it was found that the clearances 
between the running and fixed blades were rapidly decreasing. 
In spite of the precautionary measure taken in adjusting the 
thrust-block position, it was obvious that damage would be 
sustained. The turbine had to be shut down immediately, and 
modifications were made to the thrust adjustment gear to accom- 
modate this abnormal condition. It is impossible to run up this 
particular machine without supervisory equipment, owing to the 
extreme flexibility of the h.p. turbine rotor, the mass ratio of 
which, compared with its casing, is about 1:7. As the critical 
speed of this rotor is 2 000r.p.m. it was first necessary to bring 
the machine up to a speed of 1700r.p.m., and having ascer- 
tained from the supervisory equipment that this rotor was 
expanding relatively at a greater rate than its casing, it was then 
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necessary to accelerate the machine through the critical speed to 
the running speed of 3 000r.p.m. in approximately 15sec, in 
order to prevent the h.p. rotor from whipping. 

A quick-checking arrangement of the supervisory equipment 
should always be provided, the simplest form of which would 
be for a turbine driver to throw over a switch which would bring 
all the indications to predetermined positions, thereby showing 
that readings given by the pick-up coils were correct. 

With reference to the trouble experienced with a high-pressure 


NORTH-WESTERN SUPPLY GROUP, AT 


Mr. J. W. Steeley: One of the prototype models was installed 
in my present station on a 25MW 3 000r.p.m. impulse machine 
some 8 or 9 years ago after serious blade failure. The modifica- 
tions carried out by the manufacturers to the machine were so 
successful, however, that no further trouble was experienced, and 
the turbovisory equipment was never referred to and became 
merely an ornament in the turbine house. 

It was in that frame of mind that the station engineers 
approached the use of this equipment as an aid to operation when 
commissioning the 60 MW unit mentioned in the early part of 
the paper. Initially great concern was shown during run-ups 
if the eccentricity chart recorded a figure in excess of 2 mils; but 
after long and laborious initial troubles, this machine was at 
times put on load with eccentricities of up to 8 mils with little 
or no vibration. The machine is running at present with an 
eccentricity varying between 2:5 and 4 mils, depending upon 
the output. Some of this may be due to “shaft roll.” What 
investigations are being carried out on this phenomenon, and 
will it be possible to differentiate between it and true eccentricity ? 
We would all agree that, once the operator understands and can 
interpret the readings given by the turbovisory equipment, he 
can have complete faith in the picture it gives and act accordingly. 
In my opinion the main thing is not the actual eccentricity reading, 
although this is naturally important, but its rate of increase, since 
this dictates the operator’s reactions. Jam glad that the authors 
acknowledge the operating engineers’ reluctance to run up to full 
speed and possibly load a machine with a contracting cylinder 
even when the differential expansion is within tolerable limits, 
but with the normal aids provided and no explanation at present 
available, it is as well to follow the golden rule. The use of 
flange steam has been found to be of value in this respect in 
hastening the process with a hot machine. 

Mention is made in the paper of misalignment of the h.p. 
pedestal keys on one machine, which causes restrained movement 
of the cylinder; this was shown by irregularities in the differential 
record. 

It is not so widely known that, although the keys and key-ways 
were examined and alignment improved so that restraint either 
way was negligible, the movement of the h.p. pedestal and there- 
fore the cylinder was crab-wise—not much, but sufficient to be 
recorded on clock gauges. 

We have counteracted this tendency by splitting the flange- 
heating steam supply so that the quantities to the left-hand and 
right-hand flanges are separately controllable. Pressure gauges 
have been fitted in these lines, and normal operating pressures 
vary between 50 and 100Ib/in?. This arrangement has been 
found of value particularly on running up a cold turbine when 
the crab-wise movement is more pronounced. What are the 
authors’ views on this arrangement, and has any further thought 
been given to the practicability of greasing the centre key? 

These remarks apply particularly to Fig. 7 on which the 
authors remark that unnecessary caution appeared to have 
been taken during the initial period of running up. With rapidly 

* This refers to the paper by Messrs. Ashworth, Hall and Gray only. 
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MANCHESTER, 30TH NOVEMBER, 1954* 
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gland sleeve causing an increase in eccentricity when excessiv4 
changes of steam temperature occurred thereon, it is possible far 
the sleeve to expand sufficiently rapidly, thereby causing it to lo 

its uniform contact with the shaft, which would result in nor 
uniform flow of heat into the shaft at the remaining points a 
contact. This would cause unequal heating of the shaft withia 
the gland, and consequent distortion with attendant eccentricity 


[The authors’ reply to the above discussion will be found oa 
page 154.] | 


increasing differential expansion, we were endeavouring to obtain 
positive cylinder movement in the right direction with liberal us@ 
of flange steam. | 

The description of the run-up shown in Fig. 11 is interesting} 
but I feel that, under normal operating conditions, the set woul 
have been synchronized at 1040 hours. Do the authors agre 
and can they state whether any undue vibration could be felt a 
the trip points ? 

I was interested in the experience gained on the gas turbing 
with turbovisory equipment. Do the authors consider that to 


is now a Satisfactory state of affairs for a machine intended fon 
peak-load operation, or are steps being taken to reduce thes 
times still further ? 

Mr. W. Davies: The bending during running-up on a contract- 
ing machine is associated with the flexible couplings used to joir 
the rotors. This type of coupling has been in successful use fo 
many years, but higher steam conditions and ratings have meant 
that the power developed in a rotor of given size is, at present, 
twice or three times that developed in a comparable rotor con- 
structed, say, 20 years ago, and necessitates a larger coupling. 
Improvements in design and manufacture have produced rotors 
suitable for modern requirements, but improvements in design’ 
and manufacture of flexible couplings have not proved adequate. 

If, under contracting conditions, the coupling halves are not 
free to move and if the torque is taken at one point in the 
coupling, the rotor becomes a strut subject to an eccentric load, 
and a bend of appreciable magnitude may be produced. 

When a rise in eccentricity reading is observed there are three 
courses of action, depending on the circumstances, for the 
operator to follow: 


(a) If the rotor runs through a critical speed and the speed is in 
this region, the rise will be normal, and the speed should be increased 
quickly. The degree of roughness through the critical speed range 
depends on rotor balance, and the value of the turbovisory gear in 
this instance is that it enables the operator to verify that the rotor is 
straight—and in good balance—before entering the critical speed 
range. 

(b) If the steam is shut off suddenly the eccentricity may rise as 
illustrated at 1054 hours in Fig. 5. It is better to maintain constant 
speed by controlling the steam flow. If the eccentricity does not 
decrease, speed should be reduced and the shaft straightened at a 
low speed. In general, with a bend that persists, time is gained by 
this process. 

(c) If the bend arises from rigidity in the coupling the thrust 
collar will be pushed away from the main pads, and the hydraulic 
type of axial position indicator fitted to the machines described will 
provide an additional aid to diagnosis. A reduction in the indicator 
pressure suggests that coupling lock is causing the bend, and the 
operator should reduce the steam flow suddenly to release the torque 
on the coupling and allow a readjustment of the springs. 


This suggests an alternative explanation to the occurrence 
shown in Fig. 8. Prior to 1130 hours, the differential-expansion 
indication shows that the rotor may be in a state of compression. 
Immediately after the drop in speed the rotor begins to contract 
relatively and is in a state of tension. In this condition the shaft 
straightens, as indicated by the falling eccentricity reading, even 
when the speed is being increased. 
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After 1230 hours the rotor begins to bend—although slightly— 
as the differential expansion again indicates the possibility that 
the rotor may be under compression. 

Mr. W. S. Ross: I have made many quick-starting trials with 
60MW and 3 000r.p.m. 900°F machines of other manufacture. 
They were provided with the authors’ equipment, and I can testify 
to its worth and reliability. For the first time, mechanical 
behaviour at speed and on load could be studied as readily as 
thermal performance. 

The skilled drivers appreciated the supervisory apparatus. 
However, there were not enough of them to operate all the large 
high-temperature installations coming into service, and this 
apparatus greatly helped the less experienced ones, while the 
records could assist those who had to train them. 

With regard to the 1500rp.m. unit the authors suggested that 
vibration might occur if the machine was run up while contracting, 
but when discussing the 3 000r.p.m. unit, they suggested that 
vibration was caused by the application of hot steam to a cool 
h.p. rotor. During the shut-downs of moderate length, I have 
found that most of the cooling (and hence most of the contrac- 
tion) was confined to the casing and rotor at the hp. inlet: The 
contracting cylinder was thus an indication that the inlet end of 
the h.p. rotor was at reduced temperature, and that application 
of hot steam to it might produce undesirable effects. Therefore 
the two suggestions seemed to be consistent. 

The machines I have tested had no separate shaft liners, as 
described by the authors. They could be started and loaded 
very rapidly without vibration, when contracting and even when 
cold. Vibration equipment similar to that described in Sec- 
tion 8.2 was fitted during the tests, and I supply comparative 
results in Table A. The eccentricity readings normally followed 


those of the old school, tended to regard the installation of 
mechanical eccentricity indicators or turbovisory equipment as a 
reflection on their skill, sometimes becoming bewildered where 
an increase of eccentricity with speed became apparent without 
noticeable reflection in the running balance, as judged by their 
“feel” of the bearing housings. 

I fully agree with the authors’ views that rotor-shaft bending 
mainly results from unstable thermal conditions; nevertheless 
the equipment also records any displacement a rotor journal 
may make in its bearing oil clearance, especially at low speeds 
before the establishment of a stable lubricating oil flow at 
normal working temperatures has been established. The eccen- 
tricity as recorded may therefore be due to shaft bending, journal 
excursion round its bearing, or a combination of both. 

On observing the start of a large high-pressure steam turbine, 
first with the lubricating oil preheated to the normal inlet working 
temperature and then with cold oil—in each case with a cool 
turbine cylinder such as would obtain after a protracted shut- 
down—a substantial reduction of eccentricity was apparent in 
the case of the preheated oil at the lower speeds where the 
maximum eccentricity occurred, as shown in the various diagrams 
in the paper. 

Experience is necessary in interpreting turbovisory records, 
and cases are known where, at synchronous speed, eccentricities 
in excess of those given by the authors have been observed without 
deterioration of the running balance as noted by use of a portable 
vibrograph, which gave results within the accepted standard. 
Therefore the inclusion of the vibration recorder in the equipment 
appears essential, while the recording of the inlet lubricating-oil 
temperature might be useful in facilitating the correct interpreta- 
tion of the turbovisory readings. 


Table A 


Shut down for 8-12 hours Completely cooled down 


Condition of machine at starting Hot and contracting 
Amplitudes FC Ce CL Vibration 
in in 
On speed .. ae ae ie ie 0-002 0-0005 
On load (initially) B85 es BE 0-010 0-0008 
Minimum values reached while building 0-007 0:0007 
up load 

Full load .. ae a ats ard 0-010 0-0008 


Eccentricity WAbsitian pare Vibration 
xD : 


in in in in 


0-007 00007 0-0015 0-0004 
0-010 0: 0008 0-004 0-0006 
0-007 0:0005 0-003 0-0005 


0-010 0-0008 0-004 0-0006 


Once full load had been reached, a steady reduction of these figures was always observed. 


a definite pattern, any departure from which would have been a 
danger signal. However, could the authors comment on why 
the eccentricity amplitudes were so much greater than the vibra- 
tion amplitudes in this particular case? 

In Section 1 there is a reference to “additional information.” 
If abnormal supervisory readings are obtained all relevant supple- 
mentary information should be entered in the station log, other- 
wise subsequent diagnosis is hampered. 

In Section 7 it was demonstrated how information provided by 
Supervisory equipment could, with advantage, be followed up by 
more detailed tests. During loading tests I carried out, the 
equipment revealed hitherto unsuspected reductions in axial 
clearances and made possible operation methods which eliminated 
this difficulty. 

Mr. H. C. Young: Prior to the use of turbovisory equipment, 
the procedure for starting large steam turbines using elevated 
steam conditions, and the time taken to reach synchronous speed, 
depended largely upon the judgment of individual drivers, and 
thus inconsistency could be expected. Some drivers, mostly 


Mr. D. Ruby: Since the authors specifically mentioned the use 
of supervisory gear as an aid to the rapid starting and loading 
of turbo-generators, and it has been established that varying 
temperatures between turbine parts can prevent this, have the 
authors any information regarding measures of temperature 
control in order to avoid the differential expansion between the 
rotating and static parts of the turbine? 

Mr. J. Tozer: Would the authors be prepared to operate a 
turbo-alternator remotely from a control room situated probably 
between the machine and the boilers? It would be interesting to 
know what alarms they would recommend. 

The paper describes equipment for impulse turbines, but have the 
authors had any experience with equipment for reaction turbines ? 

I suggest that the complete turbovisory equipment shown in 
Fig. 21 could be improved by the addition of information regard - 
ing pressure and temperature at the boiler stop-valve. 

In Section 3(a) mention is made of erratic readings due to 
voltage disturbance. Can the authors state what voltage 
tolerances can be allowed? 
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Mr. J. R. Appleton: With regard to Fig. 8, the start is made 
with a cold turbine where full speed has been attained in approxi- 
mately one hour and with relatively cold steam. As soon as 
load was applied, heating would be rapid, and eccentricity is a 
danger under those conditions. If full steam temperature had 
been available from the beginning, or a longer time taken, I 
think the eccentricity would have been less. It is not possible to 
prevent an increase in temperature when load is applied, but the 
rate of rise should be kept to a minimum by careful operation of 
the plant in order to ensure that the steam pipe is thoroughly 
heated before the rush of load steam. I much prefer a speed 
curve similar to that shown in Fig. 9. 

On one occasion at Carrington, turbovisory equipment has 
proved of value when a steady increase in eccentricity over 
several days was observed. When the turbine was examined, 
the alignment was found to be faulty, and fretting of the bearing 
housing had already commended. This eccentricity should not 
be confused with bending of the shaft. 

Each turbine has its own characteristic eccentricity, both during 
starting and when on load, and it is necessary for early records to 
be available for reference. The record of the turbine slowing 
down after a long period on load is of great value. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSIONS 


Messrs. D. Antrich, H. W. B. Gardiner, and R. K. Hilton (in 
reply): We fully agree with Mr. Shakeshaft concerning the part 
that supervisory equipment plays in the operation of large 
power units. It is easily possible to extend the range of such 
gear to measure other variables such as vibration, temperatures, 
etc., so far as it is advisable in practice, but above all it is par- 
ticularly desirable that all readings may be co-ordinated in time 
with the speed and load under which the set is running. 

Mr. Hutchinson stresses the importance of such equipment 
being as reliable as possible, otherwise maintenance may be 
appreciable. Such reliability is also essential from the psycho- 
logical aspect, since the indications given by the equipment will 
not be given their true significance unless there is an instinctive 
feeling that they may be relied upon for accuracy. 

Mr. Peterson asks whether it would be practical to measure 
cylinder distortion; there would be no difficulty in this, if it were 
considered desirable. With regard to the measurement of 
stresses, this could be done, but it might be better to do it as 
a separate experimental set-up, rather than complicate super- 
visory equipment with additional indications of a highly technical 
nature. 

In reply to Comdr. Joughin, we see no reason why, with a 
certain amount of development, the size of the equipment could 
not be reduced for application to marine turbines. We agree 
that the application of a trial equipment on a prototype instal- 
lation would be of value; it would also soon permit an assessment 
of its usefulness, and enable a decision to be made as to whether 
it would be worth fitting to further installations of the same 
type. 

With regard to Prof. Say’s comment on the relative importance 
of the effect of the magnetic qualities of the shaft, we suggest 
that the reason may lie in the choice of frequency and air-gaps; 
the overall characteristic of the equipment depends on the 
combination of these factors. 

We cannot agree with Dr. Eldred that supervisory gear involves 
considerable maintenance. Problems of starting and running 
a turbine increase greatly with size; it is probably true that small 
sets running on moderate steam conditions require little or no 
additional equipment, but on large sets the cost of the super- 
visory gear may be considered a small insurance premium to pay 
for reliability, and if it avoids one major shut-down it may more 
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We have fitted a mercury-in-steel recording thermometer intc 
the steam inlet belt through the lower flange of the h.p. cylinder. 
Approximately half of the mercury bulb is in the steam and hall 
in the metal, and the recorder is mounted on the hand rails round 
the turbine block so that vibration is also recorded. The thermo- 
meter gives a pessimistic reading, since the large mass of meta 
constituting the flanges cannot be heated as rapidly as the rotor 
This feature is desirable during the starting of the turbine, sin 
it means that if this mass of metal has attained approximatel 
stable temperature conditions, the rotor must have done so. O 
the few occasions when starting from cold, and when an attemp 
has been made to increase the speed above 1 000r.p.m. befor 
this stable temperature (approximately 500° F) has been reached 
increased eccentricity has resulted and, on one occasion, sever 
vibration. I would not suggest that the turbines could not b 
run up to speed before the temperature of 500° F has been reached 
but I feel that difficulty with eccentricity is more likely to occur 
and the time lost in correcting this is usually more than the tim: 
required to obtain this temperature. This is important when load 
requirements have to be met. If the turbine is still hot, difficult 
is not experienced, and the quicker the turbine is speeded up and 
put on load the less is the eccentricity. 


| 


than compensate for its cost. We would also like to stress the 
great value of chart records. It is surprising how much infor- 
mation, which would be otherwise unknown, can be deduced 
from an analysis of chart records, and to omit them is to miss 
one of the main advantages of installing such equipment. | 

We agree with Mr. Lloyd Williams that supervisory gear shows 
the effects but does not give the causes. Only with careful 
analysis of records, aided by more experience, can one deduce 
the cause of any particular trouble, and as time goes on, more 
knowledge will be gained. 

Messrs. J. L. Ashworth, J. S. Hall and A. H. Gray (in reply): 
Mr. Shakeshaft’s remarks constitute an acute and comprehensive 
summary of the problems relating to smooth running and quick 
starting on which turbine designers are engaged at present. We 
foresee that it may take another decade before the problems 
revealed by the use of turbovisory gear are satisfactorily solved. 
We believe that turbovisory gear must be kept within bounds, 
and that every item must be strictly justified by an important 
and properly understood purpose. 

In reply to Mr. Hutchinson, it must be admitted that the 
records given in Section 4.1 are largely historical, and indicate 
the kind of operational difficulty and uncertainty that brought 
turbovisory gear into being. Temperature differentials were not 
recorded at that time. If the theory advanced to explain the 
bend of Fig. 5 is correct, there do not appear to be any grounds 
for thinking that increased barring speed would have avoided 
the bend. We have no experience of supervisory investigations 
other than on impulse turbines. We are also strongly in favour 
of close co-ordination of boiler and turbine characteristics. 

Mr. Peterson contributes important and impressive figures, and 
we agree that the causes and effects of cylinder distortion are 
only very vaguely understood. We do not know ofa satisfactory 
method of measuring stress in, say, a hot cylinder end, but it 
would appear to come in the category of problems whose solution 
only waits the application of sufficient effort. 

In reply to Comdr. Joughin, marine turbines have the advan- 
tages that their speed varies with the load, and that they are always 
under load when turning. Thus they are heated by relatively 
large quantities of steam while still turning at low speeds. This 
is probably the factor which is “kind” to marine turbine rotors, 
but temperature control is, of course, the most satisfactory 
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method of preventing bending. A stationary rotor is almost 
certain to bend owing to the temperature gradient in the cylinder. 
Comdr. Joughin will also be pleased to learn that the new design 
of the turbovisory equipment now available is considerably 
smaller than the gear demonstrated. 

Mr. Hywel Jones’s contribution is a fair assessment of the 
present situation with regard to the value of turbovisory instru- 
ments. We also agree that there is much to be learnt about the 
mechanical, rather than thermal, effects associated with the “tail 
wagging the dog.” 

We are keenly aware of the problems detailed by Mr. Smith, 
and greatly value the experience and observations embodied in 
his contribution. 

In reply to Prof. Say, we agree that these measurements arise 
from a common source. The latest design preserves the same 
fundamental principles but seeks to reduce maintenance still 
further by omitting expendable items. With regard to the 
magnetic properties of the rotor shaft, we can only reiterate that 
experience substantiates the fact that the rotor shaft itself is 
quite suitable for this measurement. 

We agree with Dr. Eldred’s summary of the essential informa- 
tion required at starting. However, if we assume that there is 
a case for instrumentation at all, his summary only applies when 
everything goes according to plan, and only if he has already 
established a foolproof starting technique, which ensures for 
instance that only dry steam is admitted to the turbine and 
glands, or correct oil temperatures. It is on the possibility of 
the technique not being foolproof that the case for electrical 
eccentricity gear rests. If eccentricity gear is fitted, it is simple 
to add differential expansion gear. 

In his remarks on the human element, Mr. Clark has raised 
a problem of concern to all who are responsible for the operation 
of large modern generating units, and in particular the very 
large units to be commissioned in the near future. In the last 
decade there has been a remarkable advance in the size and 
complexity of generating plant, which has been matched by an 
equal advance in instrumentation and control techniques. This 
is well illustrated in the United States, where, in many modern 
plants, control of operation has been centralized at one point, 
which results in a reduction of the number of operators. The 
system requires increased technical ability and places heavier 
responsibility on each individual operative. Discussion of the 
reward of labour is outside the scope of the paper, but we agree 
that there must be a high level of technical ability on the part of 
operators of the very large generating units to be installed in the 
near future. 

We agree with Mr. Lloyd Williams that there is much to be 
learnt about the behaviour of journals in bearings, and much 
of the obscurity about the interpretation of turbovisory readings 
is probably due to ignorance on this matter. 

Mr. Holden raises a number of detail points. The case against 
wet lubrication of sliding surfaces is based on the belief that the 
lubricant will soon collect foreign matter and form ridges by 
abrasion, or will carbonize and become useless, and block up 
its own channels. Dry graphite, or more recently molybdenum 
sulphite, has been preferred and appears to work well on suitable 
surfaces. However, the present need for reliable rapid starting 
may well make it worth while to consider means of overcoming 
the disadvantages of wet lubrication. We share Mr. Holden’s 
apprehension of the effect of water entering with the gland steam. 

Mr. Sichel contributes further experiences, and since his back- 
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ground dates from long before the initiation of turbovisory gear, 
his explanations are particularly valuable. We would suggest 
that his rotor which was subjected to a “‘fairly big dose of water”’ 
actually threw enough of it off on to the interior of the cylinder 
to avoid unequal cooling. Nevertheless the practice of allowing 
water to enter a hot turbine is strongly to be deprecated. 

Mr. Fosbrooke refers to an experience in which the vibration 
of an i.p. rotor caused severe disturbance of the h.p. rotor when 
passing through its critical speed, and draws attention to a 
hazard which might not otherwise be anticipated. 

We appreciate the part Mr. Steeley has played, and is still 
playing, in getting acquainted with turbovisory gear. There is 
undoubtedly a phenomenon of shaft roll, or whirl, and as he 
implies, it must be understood before turbovisory-gear readings 
can be properly interpreted. With regard to the control of the 
crab-wise progress of the h.p. pedestal by discriminate use of 
flange heating steam, comment must depend very largely on the 
amount of the irregularity. If there is a definite connection 
between ‘“‘crabbing” and vibration, and flange steam used as 
described prevents the vibration normally present during heating, 
its use must be preventing distortion and would appear to be 
wholly advantageous. We do not know the mechanism whereby 
a crabbing pedestal produces rotor vibration. In connection 
with Fig. 11, we agree that normally the set would have been 
synchronized at 1040 hours, or possibly 0940 hours, but the start 
was prolonged in order to make experiments which it was hoped 
would throw light on the problem of interpretation. 

Mr. Davies argues that the bending of shafts during cylinder 
contraction is due to coupling lock. If we do not consider this 
to be proven, it is only further evidence of the complexity of the 
problem of interpretation. 

In reply to Mr. Ross, the inconsistency between eccentricity 
and vibration is, of course, the puzzle of turbovisory-gear inter- 
pretation. It has been shown that rotors often develop motion 
in which they rotate about an axis which is oblique to their 
geometric axis, both axes passing approximately through the 
centre of mass. The motion shows up as a large eccentricity, 
but vibration is not of a serious nature. In order to illustrate 
this motion we demonstrated a model rotor shaft, and showed 
that two sets of turbovisory magnets, one at each end of the 
shaft, could discriminate between the motion in question and 
a true bend. 

Mr. Young refers to the curious fact that very large eccentrici- 
ties are sometimes encountered at low speed, and suggests that 
their magnitude is influenced by the vicinity of the lubricating oil. 
We feel that ultimately it will be difficult to justify the fitting 
of vibrometer equipment as well as the much more precise and 
direct-reading eccentricity indicator. 

In reply to Mr. Ruby, the question of temperature control 
is outside the scope of the paper. Much literature is already 
available on the subject. 

In reply to Mr. Tozer, we would be prepared to operate from 
a remote control room. Details of procedure and alarm 
arrangements would take more space than can be allotted in 
this reply. 

We would like to record our appreciation of the assistance we 
have received from Mr. Appleton in experiments associated with 
the interpretation of turbovisory readings. His contribution 
indicates his great interest in the subject, and in particular, his 
observations on the relations between temperature levels and 
speed during the starting sequence are very useful. 


DISCUSSION ON 
‘ELECTRICITY IN MEDICINE’’* 


Mr. J. C. Shaw (communicated): The increasing use of instru- 
mentation in routine medical work calls for a much more wide- 
spread collaboration between clinicians and technical experts 
than is at present the case. The paper is therefore of immense 
value in bringing notice of this important field to professional 
engineers. Unfortunately the greater need is the converse 
problem of making the medical profession more “instrumentation 
minded,” particularly in respect of the limitations of the instru- 
ments and instrument-patient system. The education of medical 
men about some of the technical features of the apparatus 
is a job which their technical colleagues should tackle at every 
opportunity. The manufacturers’ advertising leaflet is often the 
only source of information which the clinician seeks when buying 
equipment, and this source is not always the best. 

The author refers to instruments used for electric-shock therapy. 
A wide variety of shock-therapy instruments are now available 
on the market, and some of these are designed to eliminate the 
necessity for the therapist to understand anything of the electrical 
properties of the patient-instrument system under his control. 
One such instrument supplies mains alternating current via a 
step-down isolating transformer. The medical user knows the 
‘voltage’ is about 150 volts but seldom understands that this 
figure refers to the r.m.s. value. I have found many doctors 
astonished on being told that the peak voltage is of the order of 
210 volts and that the voltage change may be twice this amount 
within 10millisec. There is an unfortunate ignorance on these 
simple points. 

Again, one of the variables which has only recently been 
studied is the question of the minimum electrical-energy re- 
quirements to produce a convulsion in the patient, it being 
fairly well agreed that it is the physiological convulsion and 
not the electricity which is of therapeutic value. It has been 
shown that the classical procedure using 50c/s or 60c/s alter- 
nating current supplies more electrical energy than is necessary. 
There have been a great variety of electrical waveforms used 
in this treatment, and the method known as “‘brief-stimulus”’ 
therapy, which is now widely used in the United States, uses 
square-topped pulses of 1 millisec duration and frequency 120 or 
more per second. There is ample opportunity for further 
development of electric-shock-therapy instruments based on a 
sound knowledge of electrical theory and regard for the patient- 
instrument system. 

Electric-shock therapy involves the use of a simple instrument 

by a large number of clinicians. Electro-encephalography, 
another field which the author discusses, involves a more limited 
number of instruments, but of a much more complex type. 
Here again, the limitations of the apparatus are not always 
appreciated by the medical personnel who use it. In this field 
also, expensive subsidiary apparatus is often bought with little 
understanding of its limitations and usefulness. 
+ I should like to endorse the author’s comments on the need 
for the proper servicing of equipment in a hospital. The 
availability of suitable technical advice would also prevent the 
misuse of apparatus. 

Electrophysiology is now an important field of science com- 
bining relevant features of electrical science and physiology. 
While advances in physiology have often depended on technical 
improvements in instrumentation, electrophysiology has often 
had something to give electrical science in return. The voltaic 
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pile was to some extent the outcome of Volta’s arguments witha] 
Galvani as to the importance of contact potentials betweer 
metals over ‘“‘animal electricity.” Perhaps less well known is} 
the fact that Thévenin’s theorem is a particular case of a more 
general theorem developed by Helmholtz, when studying the| 
analysis of current flow in volume conductors, a study whichi 
was the result of his interest in nervous conduction. | 

Mr. S. N. Pocock (in reply): The remarks of Mr. Shaw draw our 
attention to the poor standard of accuracy displayed in descriptivey 
literature provided by many manufacturers of instruments 
both for therapy and diagnosis. This arises because the com 
mercial success of a therapeutic instrument in particular depends} 
upon the claims made in the clinician’s own language. Indeed, | 
any unit marketed with a specification written by an engineer’ 
would be doomed to failure. If the output impedance of an} 
electronic stimulator (of considerable importance in diagnosis) 
was quoted other than by the words “low” or “‘very low” it is} 
doubtful whether it would mean anything to the majority of) 
users. Even safety precautions are not understood: I was} 
once asked by a doctor in a large hospital why the instruction | 
booklet for a shock-therapy unit stated that the metal case) 
must be earthed as he found that it worked just as well when} 
not earthed, quite unlike his radio receiver which appeared | 
to require this connection. At the moment, however, a clinician | 
who has a real understanding of the effect of the electrical 
characteristics of instruments often has considerable difficulty in 
obtaining true comparative performance data from manu- 
facturers before purchase, because the sales departments are 
quite uninformed on these matters. 

I am aware of the wide popularity of the “brief stimulus” 
method of shock therapy in the United States, but popularity 
in itself is no proof of superiority in this field. No con- 
vincing comparative work on a truly scientific basis has yet 
appeared to induce users in this country to change over from 
their simple 50c/s apparatus to rather complex and expensive 
equipment. 

Both these subjects point to the necessity for an official body 
to investigate claims for treatment and diagnosis by electrical 
methods and to advise upon specifications for instruments and 
to give independent test reports on commercial instruments. 
This would do much to protect manufacturer, designer, user 
and patients from the difficulties and dangers of the present 
situation. It is a discouraging thought, but not an exaggeration, 
to say that the best efforts of a designer may never appear as a 
commercial instrument because its advantages pass unnoticed 
while low-cost units of poor construction and design, and even 
of low safety factor, enjoy popularity. In the particular case of 
electronic stimulators, cheap design and construction results in 
poor waveform, very poor stability of pulse duration and fre- 
quency (errors often being several hundred per cent), and 
variable output resistance conforming neither to the constant- 
voltage case nor to the constant-current case. The user never 
has an oscillograph available and continues with absolute faith 
in the instrument until complete failure occurs. When exported 
to tropical climates the performance of some instruments is in 
many instances truly appalling. The obstacle to sound engi- 
neering design represented by the unusually competitive market 
can be removed only by the certification of quality and per- 
formance and improved technical education of all those engaged 
in the use of electrical methods in medicine. 
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*“CABLES—SOME POST-WAR TRENDS” 
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The uninitiated user, who generally takes cables very much for 


granted, may sometimes wonder what the cablemaker has to 
show for his laboratories and for the money he spends on them. 

The times demand, and have seen, active technical advances. 
The use of electricity grows exponentially; transmission voltages 
continually rise; telecommunication frequencies have increased 
a thousandfold in the last decade; and new cable materials and 
techniques have been developed and exploited to meet these 
conditions. It may be of interest to survey what the cablemaker 
has been doing since the ending of the artificial conditions of 
war time. I propose to outline first some of the more recent 
developments in materials and processes and then to show the 
impact these have had on cable design and construction. 


Materials and Processes 


As a conductor, copper remains virtually unchallenged and, 
except for features such as compacted strands and conductor 
screening, substantially unchanged for general cable use, although 
for certain high-temperature applications conductors are electro- 
plated with nickel or silver. 

Aluminium, with its relative lightness, low cost and reasonable 
conductivity, is at first sight attractive, and certain of its uses are 
well established. Technically, its wider application presents no 
difficulties, and cablemakers are ready to employ it. Its ultimate 
scale of use depends on relative costs, which must include the 
greater volumes of insulating and protective materials required 
for aluminium conductors compared with those for the copper 
equivalent. 

With rubber, the main advances have been in manufacturing 
techniques, such as improvement in extrusion machines and the 
increasing adoption of continuous vulcanization. Conducting 
rubber is being explored, in place of metallic wires, for the screens 
of colliery trailing cables; and rubber-insulated cables are 
protected from ozone and oil by a thin external layer of synthetic 
rubber. 

Of the many synthetic materials developed abroad, only poly- 
chloroprene is in extensive use; its properties make it valuable 
as a cable-sheathing and protective covering in aircraft, mining 
and other spheres. Silicone rubber, with its high heat resistance 
and flexibility at low temperatures, is employed in aircraft wiring. 

The war-time developments of plastics have been pursued 
further, giving the cablemaker a wide range of materials not 
available in any substantial form in pre-war days. 

Polyvinylchloride (p.v.c.) and its co-polymers give a variety 
of insulating and sheathing compounds, easy to process and 
sharacterized by toughness, flexibility and resistance to many 
solvents and to burning. 

Polyethylene, available in several grades with differing physical 
sroperties, has low moisture absorption and outstanding electrical 
characteristics for high voltages and high frequencies. It calls 
‘or special precautions in processing and use to counter the 
ffects of exposure to heat, to sunlight and to contact with a 
variety of other materials. 

Polystyrene, also with low moisture absorption and excellent 
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electrical properties, has a tendency to brittleness, which is 
overcome by using orientated tapes to form laminated dielectrics. 

Polytetrafluoroethylene (p.t.f.e.), chemically and physically 
stable, has many of the virtues of polyethylene and unique 
qualities for high temperatures up to 250°C, such as for aircraft 
wiring. It is costly. Fabrication demands special processing 
techniques, and high-temperature uses require BOO of 
nickel, silver or plated copper. 

Nylon has toughness which renders it valuable for weding. 
extruded or as a textile braid. 

In papers and compounds for mains cables, the significant 
developments since pre-war days have been in the quality and 
choice of materials. 

Improved wood-fibre papers have largely replaced the earlier- 
favoured manila and manila-wood papers. The petroleum 
refiners have made available much-improved grades of hydro- 
carbon oils. Established precautions against migration of fluid 
compounds on gradients are now supplemented by a method of 
mass-impregnation employing an impregnant which, though 
fluid at cable manufacturing temperatures, is a plastic solid up 
to temperatures higher than those of service. 

The post-war scarcity of lead stimulated the search for alter- 
native materials of lower density and greater mechanical strength. 

The lightness, strength and high fatigue resistance of alu- 
minium make it an obvious choice for cable sheathing. It makes 
armouring unnecessary for most uses and obviates the need for 
reinforcement in pressurized cables. Satisfactory corrosion 
protection has been evolved, and jointing techniques are well 
established. In this country, most experience is with sheaths 
made by the “‘tube-sinking” process of pulling the cores into an 
oversize tube which is subsequently drawn down to the desired 
diameter. Alternatively an over-size sheath may be formed 
from longitudinal strip, argon-arc welded, the sheath then being 
drawn down to size and helically corrugated to improve its 
flexibility. Direct extrusion, although attractive, presents diffi- 
culties because of the high temperatures and pressures involved. 
Much work has been done in this development, both here and 
on the Continent. One British cablemaker has installed an 
extrusion press, using solid billets and operating at a reasonably 
low temperature, which gives promise of the satisfactory pro- 
duction of aluminium-sheathed cables in long continuous lengths. 

A number of composite-sheath constructions have been 
evolved for telephone cables, to provide a moisture seal and 
resistance to corrosion. An example is the American sheath, 
embodying aluminium and steel strip and covered with extruded 
polyethylene. Thin lead sheaths with an outer layer of 
polyethylene are expected to find increasing use. 

A significant development in protection materials is the replace- 
ment of impregnated textile servings by tapes of self-sealing 
rubber and p.v.c. to reduce the danger of water absorption. 


Impacts on Cable Design and Construction 


Recent developments in telecommunication cables have made 
full use of plastics, leading not only to the replacement of estab- 
lished types of insulant on technical or economic grounds, but 
also to the evolution of new types of cable with very exacting 


ST) 


158 DUNN: MERSEY AND NORTH WALES CENTRE: CHAIRMAN’S ADDRESS 


transmission characteristics, for telecommunication, radio and 
electronic equipment. 

In switchboard wiring, coloured and striped p.yv.c. is tending 
to replace the widely-used enamel and textile coverings. 

It is significant that in the first 40 years of this century, fre- 
quencies to be transmitted by cable advanced a thousandfold 
from 3 x 104 to 3 x 10’c/s, and that during the succeeding 
decade they rose to 3 x 10!%c/s, a further thousandfold increase. 
Only polyethylene and polystyrene, with their low loss factors, 
could meet the requirements of long-distance and _ high- 
frequency transmission. Even these materials would have been 
inadequate had it not been for the concurrent development of 
new techniques to give precise dimensions and of new electronic 
test-gear. 

Polyethylene, the more easily handled material, is widely 
used. As a solid extrusion it is being introduced for telephone 
distribution cables. Radio-relay and television-relay cables 
have polyethylene insulation and sheaths; they are light in 
weight, and have low transmission losses and high moisture 
resistance. Polyethylene insulation is being employed for quad- 
type carrier telephone cables; on the Continent, polystyrene 
string and tape constructions have been adopted for this purpose; 
and experiments are being made in America with cellular poly- 
ethylene. The conventional television down-lead cables are 
polyethylene insulated: for the higher frequencies in Band III 
of the coming commercial programmes an expanded polyethylene 
insulant has been introduced. 

A notable use of plastics is in the spaced-disc coaxial pairs 
developed for multi-channel telephony or television signals. A 
classic example is the lin coaxial cable forming the London— 
Birmingham television link, and many hundreds of miles of 
Zin coaxial pairs are in regular use, both at home and abroad, 
operating on frequencies up to 10Mc/s and providing up to 
600 speech channels. 

The recently-announced transatlantic telephone cable is the 
first project of such magnitude to be undertaken anywhere in 
the world: it is to have solid polyethylene insulation of thickness 
and precise dimensions which the recent advances in technique 
have alone made feasible. 

Polystyrene in the form of multiple tapes applied in an open 
helix is used for several cables of coaxial type up to 34in dia- 
meter, employed for high-power high-frequency links. There 
are numerous radio-frequency cables with solid or semi-air- 
spaced polyethylene insulation. 

Television cameras require multiple connections for video 
frequencies up to many megacycles per second, for audio signals 
and for power and control circuits. These complex cables must 
be small, flexible, rugged and weatherproof, and must be easily 
capable of extension. Accurately extruded thin polyethylene 
coverings on small conductors, and a special connector moulded 
to the cable, have met these requirements. 

For lighting and low-power cables, increasing use is made of 
rubber-insulated tough-rubber-sheathed cable. Advances in 
technique have permitted reductions in diameter of many types 
of cable, as reflected in B.S. 7: 1953. The use of p.v.c. wiring 
cables is growing, with emphasis on conduit wiring. B.S. 1557, 
for polyethylene-insulated and p.v.c.-sheathed types, has just 
been revised. 

Aircraft cables provide a good illustration of the exploitation 
of the special properties of plastics, in that light weight, resistance 
to solvents and a wide temperature range of operation are 
essential. 

The insulation of pre-war aircraft cables was rubber, protected 
by a lacquered cotton braid. This has in late years been replaced 
by glass-fibre braid and a polychloroprene sheath, with a saving 
of 50% in weight and a wider temperature range. 


For the extreme temperatures encountered in jet aircraft 
combinations of p.t.f.e. and glass-fibre braid, though costly, giv) 
outstanding performance, and the pre-war operating range a 
—10° to +70°C has thus been extended to —75° to +400°C. 

Broadly speaking, paper-insulated cables continue to hold t 
field for power supply. Cables with plastic insulation and sheatl 
have proved satisfactory in performance in the lower-voltag 
range. They are attractive because of light weight and simplicity 
of jointing. In countries where skilled jointers are available 
any marked extension in their use seems likely to turn on relative 
costs. | 

In the very- -high-voltage field, the post-war years have seen 2 
notable extension in the use of higher voltages, for which thera 
has been an accentuated swing to the use of pressurized cables) 
The higher operating stresses and temperatures and increase¢ 
circuit capacity of these cables are reflected in the lower cos} 
of an installation; and this, coupled with the fact that they aré 
essential for voltages over 66kV, is responsible for the greatly 
increased demand. Pressurized cables are of four main types) 
namely: 

Oil-filled cables, which are impregnated with low-viscosity 
oil and embody channels to permit longitudinal oil-flow to o1 
from reservoirs. The static operating pressure is pee 
75lb/in?. A later variant, in which the three cores are lai 
side by side within a flat-sided sheath, enables reservoirs to bg 
dispensed with, the cable being ‘‘self-compensating.”’ 

Gas pressure cables, which are subject to internal gas pressure 
of 2001b/in?, and are of two sorts. In the gas-filled cable, the 
dielectric is formed from pre-impregnated paper tapes, the gas 
filling the interstices between tapes to form a composite dielectric, 
Impregnated pressure cables are fully impregnated, the gas bein 
accommodated in under-sheath clearances. | 

Compression cables, which consist essentially of solid-type 
cables covered by a thin lead diaphragm and enclosed in ani 
outer sheath or pipe. The space between diaphragm and pipe 
is charged with gas, the pressure of which is transmitted to the 
cables via the diaphragm. 

Pipe cables, which are oil-impregnated solid-type cables 
without sheaths, and are drawn into a steel pipe containing oil 
or gas under pressure. 

Although 220-kV oil-filled cables were installed in Paris in 
1936, there has in the past been no general call in this country 
for cables for voltages above 132kV. However, since the 
275kV system now under erection will eventually require cables 
for that voltage, the B.E.A. and cable manufacturers have 
collaborated in the installation of trial lengths of 275kV 
pressurized cables. 

Cables for even higher voltages have been made for two 
installations abroad. For the Kemano project in Canada, two 
runs of 301kV oil-filled cable have been laid, one having alu- 
minium conductors and sheaths; while in Sweden a 380kV cable 
of the oil-filled type has been installed. 

Another post-war trend is towards the use of high-voltage 
submarine crossings. A project has been worked out for a 
132kV cable, crossing the Channel, to link the British and 
French systems, and sea trials have been made, using gas-filled 
and compression cables. 

In Canada, a British cablemaker is shortly to install an 18-mile 
underwater link, between British Columbia and Vancouver 
Island, consisting of 138kV gas-filled cables. 


This is the picture as I see it. It may not be comprehensive or 
balanced, but I hope I have given an impression of the cable- 
maker’s activities. The work continues; and I have no doubt 
some future Chairman, choosing the same topic, would find 
ample new material for his Address. 
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SUMMARY 


The paper briefly describes the lines of British Railways from 
Manchester to Sheffield and to Wath, which have recently been 
electrified on the 1 500 volt overhead d.c. system. 

After analysing the nature of the traffic, it describes the schemes 
for electrification since their inception before the 1939-45 War, which 
stopped the work after design and manufacture had commenced. 

It then describes the electrification, noting the similarities in design 
with corresponding features of the Liverpool Street-Shenfield electri- 
fication, which had a rather similar history associated with special 
priority in the post-war period. 

The Bo + Bo and Co—Cp locomotives are described in some detail. 

Particulars are given of the limited operating experience so far 
obtained, particularly on the line to Wath, on which freight traffic has 
been electrically hauled since February, 1952. 

The paper mentions the use of new constructions and discusses the 
possibility of extending the electrification and the probability that to 
do so would be relatively less expensive and more rewarding than 
the present scheme. 


(1) INTRODUCTION 


The Manchester-Sheffield—Wath line is the first main line in 
this country on which freight traffic predominates to be elec- 
trified. The work, which started in 1938, has been grievously 
hindered by the war, by post-war shortages and other factors. 

On the section to Wath, all freight traffic has been electrically 
hauled since February, 1952. On the main line, Manchester to 
Sheffield, all trains have been hauled electrically west of 
Penistone since the 14th June, 1954. The full service between 
Manchester and Sheffield was inaugurated on the 14th September, 
1954, and the final extension East to Rotherwood was completed 
by the 3rd January, 1955. 


(1.1) History and Description of the Lines 


The railway line from Sheffield (Victoria) to Manchester 
(London Road), authorized by Act of Parliament in 1837, was 
built by the Sheffield, Ashton-under-Lyne and Manchester 
Railway, and opened to through traffic on the 23rd December, 
1845. Asshown in Figs. 1 and 2, it passes over the Pennine Range; 
the summit (960 ft above sea level) was pierced between Dunford 
and Woodhead by two single-line tunnels, 3 miles long. It is 
characterized by long steep gradients on both sides. On the 
Sheffield side, the approach is by gradients averaging 1 in 127 
for 19 miles; on the Manchester side, there are 22} miles at 
sradients averaging 1 in 147. On both sides, the ruling grades are 
1in 100. The line is almost continuously curved, little more than 
10°% being on straight track. 

The line from Barnsley Junction to Wath was built by the 
Great Central Railway and is even more steeply graded and 
sadly curved. The heaviest grade is the 1 in 40 Wentworth 
Bank, 2-2 miles in length. 

Both lines became part of the Great Central Railway; in 
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1923 of the London and North Eastern Railway, and in 1947 of 
the Eastern Region of British Railways, but during the course 
of the electrification the line west of Thurlstone became part of 
the London Midland Region. 

There are four tracks for six miles from Manchester to Hyde 
Junction and most of the way between Hadfield and Woodhead. 
Elsewhere there are generally two tracks, with a considerable 
stretch of additional ‘‘down” track between Thurlstone and 
Bullhouse. At both ends of the line there are extensive mar- 
shalling yards and sidings, so that although the route mileage 
electrified is 68 miles, the single-track mileage of running lines 
is 212 miles and of sidings 88 miles. A further impression of the 
complexity of the lines is given by the fact that there are 443 
signals needed to control the traffic—over 2 per single-track-mile 
of running lines. 

Many parts of the line are subject to subsidence owing to 
colliery workings and to pollution from coke-oven plants, etc. 


(1.2) Traffic on the Lines 


These lines are among the most important East and West 
freight routes in the country, connecting the Sheffield, East 
Midlands and South Yorkshire coalfields and industrial areas 
with those of Manchester and Merseyside. There are approxi- 
mately 80 ‘down’ freight trains per day to the marshalling 
yards at Mottram, Godley and Guide Bridge. In the west to 
east (“up’’) direction, the traffic is lighter, about 60 trains per 
day, the bulk of the loaded wagons going to Sheffield and empty 
coal wagons to Wath. The passenger service between Manchester 
and Sheffield comprised 14 trains per day in each direction, prior 
to electrification. 

There is suburban traffic between Manchester and Hadfield 
on the main line and to Glossop on a branch. There are local 
trains from Sheffield to Penistone. 

The volume of traffic can be expressed as approximately 
4 700 000 trailing ton-miles per mile of single-track running lines 
per annum. 

Because of the physical difficulties of the line already described, 
it had always been difficult to handle this great traffic effectively. 
On the Wentworth Bank, four steam engines were needed, two 
hauling and two banking, to handle a 1074-ton train, although 
one could be dispensed with when the Garratt locomotive 
specially built for this service was available. As most of the 
freight trains comprise loose-coupled wagons not fitted with a con- 
tinuous brake, it was customary to stop at the summit of severe 
grades and drop or pin down brakes on a high proportion of the 
wagons. 

The poor ventilation, the gradient and latterly the general 
deterioration of the condition of the 100-year old tunnels formed 
another traffic bottleneck. 


(2) THE ELECTRIFICATION SCHEMES 
(2.1) Pre-War Schemes 


Investigations into the merits of electrification of a short section 
were made by the G.C.R. and extended by the L.N.E.R., leading 
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to the production of a favourable report in 1926, but circum) 
stances did not permit authorization. In October, 1936, howeve 
the L.N.E.R. Board authorized electrification and Governmen) 
assistance was given under the scheme to assist unemployment. 
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desirable to arrange for out-and-home working for locomotive 
crews so as to avoid their having to lodge away from home. 
This demanded faster and therefore lighter trains and the reposi- 
tioning of signals to give longer stopping distances (1 200yd). 
It was decided to work 750-ton freight trains with a single electric 
locomotive from Rotherwood to Dunford and 850-ton trains 
with one banker from Wath to Dunford, and to work both these 
loads through to Manchester with a single locomotive dispensing 
with the 40-ton brake vans. This implied a considerable increase 
above the duty for which the locomotives were designed. It was 


~also decided to build a new tunnel at Thurgoland, the clearances 


in the old one having been found inadequate, and that all distant 
signals should be colour lighted. 

The resumption of work was authorized in 1946 at a revised 
cost of about £6 200 000. 

Almost simultaneously, the resumption of work on the Liver- 
pool Street-Shenfield electrification was authorized and given 
priority. Thus, it was not until 1949 that work was resumed 
on the Manchester—Sheffield—Wath electrification. 

Meanwhile, after attempts to repair the old Woodhead 
tunnels had failed in 1946, it was decided in 1947 to construct a 
new double-line tunnel. This had a major influence on the time- 
table for the electrification. Work on the tunnel started in 
February, 1949, and was completed in August, 1953.1 

The Railway Executive assumed responsibility for the scheme 
in 1947; following a review of the proposals in the light of 
rising costs, the electrification of the lines from Reddish to 
Manchester Central and Trafford Park was postponed, and the 
accommodation at Reddish Depot was reduced. The final 
scheme provided for 58 By + Bp locomotives and for 7 Co-Co 
locomotives. 

The estimated cost of the scheme became £10 877 000 made 
up as follows: 


Electrical engineering work .. £6 754 000 
Mechanical engineering work .. £1020 000 
Civil engineering work is .. £1 590 000 
Signal and telecommunication work ee eles 133000 


It was subsequently decided to replace all signals, except those 
between Ardwick and Manchester (London Rd.), by colour lights 
and to put all communication circuits into cable. 

Table 1 gives salient particulars of the services to be provided. 
The improvement in speed of freight trains will be much greater 
than is shown by the comparison in booked times because the 
punctuality of freight trains should be much better than was 
ever possible under steam operation. Large improvements in 
passenger-train speeds are impracticable because the whole line 
is subject to a speed limit of 65m.p.h. and there are numerous 
speed checks due to curvature of the track and mining subsidence. 


(3) CO-ORDINATION OF WORK 


Since May, 1950, the New Works and Development Section 
of the Railway Executive, and later of the British Transport 
Commission, has been responsible for electrical engineering 
work up to the point of commissioning for service, when the 
responsibility for operation passes to the Chief Mechanical and 
Electrical Engineer of the Eastern Region, who has also built the 
mechanical parts of the locomotives. 

Many departments of the Eastern and London Midland 
Regions have been concerned in the planning and execution of 
the work, principally the Operating Department (E.R.), who 
schemed traffic to allow construction to proceed; the Motive 
Power Superintendent (E.R.), who has released steam-locomotive 
drivers for training; the Signal and Telecommunication En- 
gineers (E.R. and L.M.R.), who, in addition to the signalling 
changes mentioned, have had to change their track circuits 
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Table 1 


COMPARATIVE TRAIN TIMINGS 


Electric 


Down Trains 
Express passenger .. 
Multiple-unit 
Express freight 
Mineral 


Mineral 


Sheffield (Victoria) 
Glossop 

Sheffield (Bridgehouses) 
Woodburn Junction (Pass) 
Wath Yard 


Manchester (London Road) 
Manchester (London Road) 
Manchester (Ducie Street) 
Mottram Yard 

Mottram Yard 


Up Trains 


Express passenger .. 


Multiple-unit 
Express freight 
Goods : 
Empties 


Manchester (London Road) 
Manchester (London Road) 
Ardwick (East) 
Ashburys West 
Dewsnap Yard 


Sheffield (Victoria) 
Glossop 

Sheffield (Bridgehouses) 
Woodburn Junction (Pass) 
Wath Yard 


Note:—The electric service between Manchester (London Road), Hadfield and Glossop is a 4-hour interval service 
between 5.15a.m. and 7.45p.m.; then hourly to 10.45p.m., and trains are increased from 3 to 6 coaches during 


the rush periods. 


from direct to alternating current and clear obstructions in 
advance of the erection and testing of overhead equipment; and 
finally the Civil Engineers (E.R. and L.M.R.), who, in addition 
to the tunnel works mentioned, have constructed substations, 
control rooms, depots, etc., lifted bridges or lowered tracks to 
give clearance, and done much other work in connection with 
the modernization of this section of the Railway. 

All this work has proceeded with the minimum interference 
to the heavy flow of traffic over the line. That the sections of 
the work have so far been commissioned on or in advance of the 
planned dates is due to the close and friendly co-operation of all 
departments of both Regions and of the contractors concerned. 
It has necessitated much expensive and difficult night and Sunday 
work, often under conditions amounting to hardship for the 
staff on the line. 


(4) DESCRIPTION OF FIXED EQUIPMENT 


The basic design of all the work corresponds more closely to 
the practice of 1936 than to that of to-day, and there are many 
similarities with the equipment used for the Liverpool Street- 
Shenfield electrification. Reference is only made herein to 
equipment differing from that used on the suburban electri- 
fication mentioned, and to some methods incorporated on a 
small scale to reduce costs without unduly impairing overall 
efficiency. 


(4.1) Power Supply 


In implementation of plans agreed with the former supply 
companies and corporations, energy is obtained from the 
British Electricity Authority at 33kV at three supply points as 
follows: 


Aldam substation from Yorkshire Electricity Board. 
Gorton substation from North Western Electricity Board. 
Neepsend substation from Yorkshire Electricity Board. 


These are interlinked, and arrangements have been made for 
using alternative sources in the event of cable or supply failures 
and for summation of maximum demand between all points of 
supply. 

At Neepsend and Gorton, there is a measure of joint user of 
the 33kV switchgear with the Electricity Board, and provision 
has been made for this to develop as circumstances require, the 
railway substations forming part of the Board’s ring main. 


At Aldam substation two 66/33kV transformers of sw! 
have been installed to give the railway supply from the adjacen 
Electricity Board substation. 

Provisional tariffs are at present in force pending completior 
of regulations to be made by the Minister of Fuel and Powe! 


and the Minister of Transport. 


Table 2 


ESTIMATED ANNUAL ENERGY CONSUMPTION AND MAXIMUN 
DEMAND WITH ELECTRIFICATION IN FULL OPERATION 


Aldam Neepsend Gorton 


Maximum Energy 
demand consumed 


Maximum Energy 
demand consumed 


Maximum Energy 
demand consumed 


kWh x 106 
5 230 21°45 4 760 LOSS 6 560 31-0 


kW kWh x 106 kW kWh x 106 kW 


Table 2 gives particulars of the estimated annual consumptior 
and of maximum half-hour demand in normal circumstances or 
completion of the scheme. 


(4.2) Transmission System 


Fig. 3 shows the railway-owned high-voltage feeder network 
and the main components of substation and of track-section- 
cabin equipment. It will be noted that, in accordance with 
standard British Railways practice, all eleven substations an¢ 
twelve track-section cabins operate in parallel on the d.c. side. 

The 33kV feeders are 3-core H.S.L. S.W.A. cables supporte¢ 
by hangers from concrete posts, except where local conditions 
necessitate the use of hangers on walls, etc., or of reinforced 
concrete troughing. In areas liable to mining subsidence, the 
cables are housed in protected steel troughing mounted on tal 
posts so that the route can be adapted to settlement of the 
ground. 


(4.3) Substations and Track-Sectioning Cabins 
(4.3.1) General. 
The general arrangement of the substations with their outdoor 
33kV switchgear rafts follows very closely that of the Shenfield 
electrification, and reference may be made to Fig. 3 of Mr. Swift’s 
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Table 3 


MAIN ITEMS OF EQUIPMENT OF SUBSTATIONS AND TRACK-SECTION CABINS 


OF THE MANCHESTER-SHEFFIELD-WATH LINES, 


| | i =! 
2 ee Bae | Siltcheear No. of e Ove speed 
Substation or track-sectioning cabin ae 7 Hoke ae aay ae | 
c Bi g eder 2 ectifier : 1 
No. | “apeciy | Supply | oebss | OPEN | oct | atemnee | alata 
Ls ae? B = | | 
Substations 
Gorton Dy 5 000 2t l -- A a - te 
Newton 1 2 500 — 1 1 : r : a 
Hadfield ; au ne te 2 e000) — 1 | 1 - s : a 
Woodhead .. a Se So = 1 et 20) = 1 | 1 | : : 5 = 
Dunford ~ re a | 2+ | 5000 2 -= | 3 A gi ; 
Strafford Crossing. . Re ban It Par 5000 | — 2 | - , 5 a 
Aldam és 2+ 5 000 2 1 | — 2 5 
Barnsley Junction .. eos 7 500 = 4 pa 3 
Wharncliffe Wood eka 2 500 a 1 1 | 1 | 4 ' 
Neepsend ; | Wo 2 So 2 2 — 1 6 — 
Orgreaves .. | 25) 3 0008 | -— — 1 iD | 6 — 
| } 
Track-sectioning Cabins | 
Ashburys a ws so) == _ — = = == 6 = pes 
Guide Bridge ae is sis — _- — — = _ 8 = = 
Mottram as a Ae — — -- — — a 4 == —_ 
Dinting o — a = = = | 1 2 =. 
Torside —_ = — — ar. ney | Wi ey —- 
Windleden .. oe so | = = — = — = 2 = ers 
Bullhouse .. be on Se) SAS] — | = | = = = 4 = a, 
West Silkstone... er: boreal — | — — = = 4 =a = 
Elsecar : “3 — — | — — — = 4 = — 
Thurgoland | — == = —_ — wee 4 = ae 
Beeley Wood — = eae | _ = ene 4 pee <= 
Woodburn Junction | — = — | = a= = g aa “so 
eee ie 5 = ee 
Totals | 19 | 47500 6 16 5 19 116 19 | 
| 


0.c.b.— oil circuit-breaker, 
* Including 1 busbar section oil circuit-breaker. 


t+ Water-cooled type. 


$ Electricity Board’s oil circuit-breakers. 


paper? for a layout of a typical ring-main substation. Table 3 
gives particulars of the main items of equipment in each sub- 
station and track-sectioning cabin. 


(4.3.2) H.V. Switchgear. 


In five substations constructed after 1951, some economy was 
obtained with a little loss of flexibility but without prejudice to 
reliability or to later extensions, by a limited use of power- 
operated isolators and a straight-line busbar. All apparatus is 
suitable for a short-circuit duty of SOOMVA, except at Gorton, 
where 750MVA gear is installed. The oil circuit-breakers have 
three phases in one tank and are motor-wound spring-operated. 

Solkor pilot-wire balanced protection is used with back-up 
overload protection matched with the Electricity Board’s 
equipment. The rectifiers are protected on the a.c. side by 
instantaneous overload and earth-leakage relays. 


(4.3.3) Auxiliary Services. 


Duplicate auxiliary transformers, protected by h.r.c. fuses, 
give normal supplies to signal circuits through contactors 
arranged to maintain supply if one source fails. In addition, 
standby Diesel-driven generators have been installed—70kVA 
at Gorton and 25kVA at Aldam—to cut in automatically on 
drop of voltage or frequency. 


(4.3.4) Rectifiers. 


Rectification from alternating to direct current is by 12-phase 
mercury-arc rectifiers. At 4 substations these are of the 12- 


anode water-cooled continuously-pumped type originally ordered 
in 1938 and partly manufactured before the war. At the other 
7 substations they are of the later air-cooled type with two 
cylinders per equipment, each with 6 anodes, continuously 
pumped as advocated by the contractor concerned. 

All transformers are similar and all rectifiers are rated at 
2°5MW (nominal) but capable of the following duty cycle 
determined by estimates of the most arduous service conditions: 


. Full load (1 666amp) for 15min. 

. 3 X full load (4 998 amp) for 1 min. 

. 65% full load (1 090amp) for 14min. 
. 4 x full load (6 664amp) for 4 min. 

. 81% full load (1 350amp) for 14% min. 
. 3 X full load (4 998 amp) for 1 min. 

. 65% full load (1 090amp) for 14min. 
. 2 X full load (3 332amp) for Smin. 

. 65% full load (1 090amp) for 25min. 
0. 3 x full load (4 998 amp) for 1 min. 
Repeat items 3-10 immediately. 

Followed by 65% full load (1 090 amp) for 10 hours with the load 


increased to 3 x full load (4998amp) for the last minute of each 
15min period. 


Repeat items 3-10 twice. 
Total time of test: 15 hours, 16min. 


WOAAIDABRWN- 


— 


The transformers are of the ON type with detachable 
radiators. Primary windings are delta connected and have off- 
load tappings for +24%, +5%, —74% and —10%. 

The secondary windings comprise 4 zigzag-connected sections 
to give a 12-phase supply. A 150c/s choke is connected between 
the neutral point of each of the two pairs of zigzag sections, and 
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the mid-points of the 150c/s chokes are connected via a 300c/s 
choke. The mid-point of the 300c/s choke forms the point of 
connection of the d.c. negative. Filter circuits to reduce the 
600, 900 and 1 200c/s harmonics are installed. 


(4.3.5) Direct-Current Switchgear. 


The high-speed circuit-breakers, although of a different make, 
and a negative earthing device are arranged in the same manner 
as those described for the Shenfield electrification. 


4.3.6) Regeneration Resistors. 


Regeneration resistors are installed at four strategically placed 
substations, namely Strafford Crossing, Barnsley Junction, 
Gorton and Wharncliffe Wood. 

Each equipment has a continuous rating of 600amp at 
| 500 volts (nominal) and comprises four banks of resistors each 
0oled by a motor-driven fan which starts up when the equip- 
nent is switched on to the line. The availability of regenerated 
nergy is detected by the increase of voltage in a circuit in which 
4 potential difference from a voltage divider supplied at line 
voltage is opposed to a fixed potential difference on the grids 
of a thyratron associated with each bank of resistors. 

When the appropriate value is reached, each thyratron excites 
in ignitron, the firing of which closes the contactor, cutting 
ut the ignitron and connecting the resistor to the line. Switching 
yut is done by four timing relays which de-energize the con- 
actors in turn, if the regenerated current has decreased by the 
ippropriate amount. 

The arrangement of these circuits is shown in Fig. 4. 


As shown in Fig. 5, the control-room plan and elevation differ 
considerably from the layout adopted at Chadwell Heath, 
principally to conform to the physical features of the site. 


(4.5) Overhead Line Equipment 
(4.5.1) General. 


The overhead equipment generally follows closely the design 
described for the Shenfield electrification. The total normal 
cross-section is equivalent to 0:75 in2 of copper over each running 
line and to 0-36in? sidings. Cadmium-copper contact wire is 
used throughout, the section corresponding to Fig. 1 of B.S. 23 
on running lines. 


(4.5.2) Special Construction for Supports. 


Except on the actual crossing of the Pennines, where a high 
proportion of the structures are of the broad flange beam 
portal type spanning 2 or 4 tracks, a large number of special 
types were needed to suit the complicated layout of the lines at 
junctions and in yards. The complexity of this work is reflected 
in the fact that approximately 8000 tons of main structural 
steelwork was required for equipping 300 single-track-miles 
and that over 500 different designs of structure, many with 
varying lengths of boom and masts, were required for a total 
of 3 460 structures. 

Particulars of some of these special structures and of the 
additional costs they involved have been given by Crompton 
and Wallace. This paper also describes some of the possi- 
bilities of cheapening the cost of construction evolved jointly 
by the contractors concerned and the Railway’s engineers. 
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Fig. 4.—Schematic of regeneration loading circuits. 


(4.4) Supervisory Control 


Substations and track-sectioning cabins are unattended and 
motely controlled from Penistone electric control room by 
yparatus of the telephone type, using a common-diagram 
ethod of control and indication similar to that in use on the 
1enfield electrification. A total of 173 controls may be made 
1d 224 indications received at the control room, which is designed 
- accommodate additional equipment for the control of a 
rther 15 substations. 

VoL. 102, PART A. 


Experimental use of these and some other modified constructions 
is being made on this electrification. 
In particular, reference may be made to the following: 


(a) On a section of about 1 mile in length, the stitched wire or 
Y-construction is used to enable the contact wire under the structure 
to follow to some extent the movement of the contact wire in mid- 
span due to changes in temperature. The sectional area is reduced 
to 0:6 in2, 

(>) Experimental use is being made of welded tubular anchor and 
supporting structures. After a satisfactory test showing that 
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Fig. 5.—Plans and section of Penistone control station. 


strength was maintained with a saving in weight of 40-50%, these 
were erected in Ashton Moss sidings. The time for painting and 
erection was considerably reduced. 


(c) Several alternative designs of overlap spans are being tried: 
in one form the addition of a single intermediate supporting structure 
in mid-span and the introduction of a span length of contact wire 
spliced to the auxiliary catenaries of the adjacent span and suitable 
insulation at the splice and in the droppers would permit the intro- 
duction of overlap spans in long lengths of even 4 or 5 miles of 
track equipment without the use of anchor structures and splices 
in the contact wire. 

(d) The insertion of spring-tensioned lengths of contact wire in 
place of the main and auxiliary catenary under low bridges has 
saved a vital 2in of clearance and avoided in three cases the costly 
raising of overbridges which would have otherwise been necessary, 
track lowering being impossible in these cases. 


(e) Numerous improvements have been made in detail designs of 
fitting, etc. Among these the trials of resin-bonded glass-fibre for 
registration arms and for the beams of section insulators probably 
signify further developments in the use of new materials, giving 
improved performance at places where high temperatures and 
pollution from steam locomotives is anticipated and further ease- 
ment of the clearance difficulties by the use of materials providing 
high mechanical strength and insulating properties. 


It was necessary to develop special forms of a number of 
constructions so that the contact-wire height could be maintained 
within due limits in spite of settlement caused by colliery sub- 
sidence. This type of construction was needed over 15°% of the 
single-track mileage; its simplest form is illustrated in Fig. 6. 

Fig. 7 illustrates the simple construction which was adopted 
in the new Woodhead tunnel, the supports being spaced 146ft 
apart throughout. 


(4.5.3) Foundations. 

Foundations were constructed by the contractors for overhead- 
line equipment, and as a high proportion were in slatey rock, these 
proved to be an expensive item, accounting for approximatels 
12% of the total cost of the overhead equipment. They are 
either of the side-bearing or of the gravity type and were poured 
in situ after manual excavation. 

(4.5.4) Insulators. 

A much higher proportion of the insulators for registratior 
arms are of the cap-and-pin type; otherwise the insulators follow 
very closely the designs used for the Shenfield electrification. 


(4.6) Structure and Rail Bonding 
The procedure also conforms to that for the Shenfield electri- 
fication, but replacement bonds are being reduced in section 
from 0-35 to 0-166in’, and single-rail bonding is being used ir 
certain sidings. 
(4.7) Lightning Arresters 
Reliance is being placed on capacitors on the Wath Branck 
and parts of the main line, but on the later stages non-lineat 
resistors are being installed on the track feeders. 


(5) DESCRIPTION OF ROLLING STOCK 


(5.1) Bp + B, Locomotives 
(5.1.1) Mechanical Parts. 
The leading particulars of the By + By locomotives are given 
in Table 4. (See also Figs. 8 and 9.) The buffing and drawgears 
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ire mounted on the bogie frames, and the two bogies are con- 
rected at their inner ends by an articulated coupling. 

The bogies are built from 1in steel plates secured together at 
he outer and inner ends by prefabricated dragboxes welded to 
he frames. The front dragbox, with the buffer beam as a base, 
arries buffers, drawgear, brake shaft and cylinder for the outer 
yair of wheels, while the inner dragbox is built as a continuation 
f the bogie frame, to which it is butt-welded and carries the 
rake shaft and cylinder for the inner wheels, together with the 
rticulated joint by which means the bogies are coupled together. 

At the centre of each unit a cast-steel stretcher is riveted to 
he frames and carries the motor nose-suspension brackets and 
he bogie centre slide and side control gear. The axle-boxes 
re guided by cast-steel horn blocks riveted to the frames and 
aced with manganese-steel liners welded to detachable steel 
hoes, and the suspension is provided by laminated springs 
jounted on top of the axle-boxes with helical auxiliary springs 
n the anchor bolts. 

The body and understructure are spring-borne at four points 
n each bogie through semi-spherical bearing pads which rest 
n plungers carried in a guide secured to the outside of the bogie 
ames. The plungers in turn are supported by adjustable bolts 
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Fig. 6.—Two-track overhead-line equipment supporting structure: mining subsidence type. 


Table 4 


LEADING PARTICULARS OF LOCOMOTIVES 


Data 


Length over buffer 

Wheel base : 

Wheel base of bogie ; 

Distance between bogie centres 

Overall width sys ae 

Maximum height of body. 

Maximum height over raised 
pantographs 

Weight in working order 

Tractive effort—starting 

Tractive effort—full-field con- 
tinuous rating .. 

Maximum speed . 

No. of motors 

One-hour rating—full field 

One-hour rating—weak field 

Total locomotive 1 hour horse- 
power (weak field) 

Motor ventilation 


Bo + Bo 
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“5 ) FOUNDATION LEVEL 
HCI ecrore SUBSIDENCE 
FOUNDATION LEVEL AFTER SUB- 


SIDENCE AND PACKING-UP OF 
TRACK TO ORIGINAL LEVEL 


Co-Co 


50ft 4in 
35ft Oin 
11 ft 6in 
23 ft 6in 
9ft Oin 
13 ft Oin 
21ft Oin 


86tons 14cwt 
45 000Ib 
14 6001b 

at 32m.p.h. 
65m.p.h. 


4 
435h.p. 
467h.p. 

1 868 


2 000 ft3/min 


59ft Oin 
46ft 2in 
15ft 8in 
30ft 6in 
8ft 10in 
13 ft Oin 
21 ft Oin 


102tons 10cwt 
45 0001b 
20 1001b 
at 44m.p.h. 
90m.p.h. 
6 


450h.p. 
460h.p. 
2 760 


2 200 ft3/min 
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Fig. 7.—Overhead-line-equipment 


Fig. 8.—Bo -++ Bo mixed-traffic locomotive. 


which engage the ends of a laminated spring pivoted in a bracket 
on the bogie frames between the plunger guides. 

The understructure for the body is built up of in side-frame 
plates, and the bogie centre pivots are carried by a structure of 
flanged plates and channel sections riveted to the side frames. 
These pivots fit into spherical bushes housed in blocks which 
can slide transversely in the bogie-frame stretchers under the 
restraint of controlling springs. The block at No. 2 end bogie 
is free to move a small amount longitudinally to provide for the 
shortening of the centres on acurve. Thus a universal movement 
is obtained between the bogies and the understructure. The 
pivots have to transmit motion from the power bogies to the 
body structure, which carries all the machinery and controls and 
weighs 40 tons when completely equipped. 


A footplate covers the whole floor, and on this a backbone 
of channel sections is mounted to carry the auxiliaries. Car- 
lines riveted to the side frames support the curved sides and roof, 
the whole of which is detachable between the driving cabs. 
Identical cabs are provided at each end, and there is a side con- 
necting corridor from which access is given to resistor, high- 
voltage and boiler compartments and other machinery. 

As these locomotives are designed for mixed traffic in its 
widest sense, the brake equipment must be very flexible in its 
applications and consists of a straight air-brake and a vacuum- 
controlled Westinghouse air-brake operating clasp brakes with 
cast-iron shoes on each pair of wheels. 

With passenger trains the locomotives must be able to haul 
standard British coaching stock—working from or to any part 
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Fig. 9.—By + Bo mixed-traffic locomotive. 


f the country—and must therefore be able, in winter months, 
) provide steam supply for coach warming, a service which is 
ken for granted with steam locomotives but is a snag with 
ll other forms of motive power. Fourteen of the Bo + Bo 
comotives are fitted with horizontal boilers of 4 ft length and 
ft diameter, containing 180 tubes in which electric heating 
lements are located. The full loading is 360kW and the 
vaporation is 1 0001b at 701b/in.? 

The boiler is completely automatic in operation. A Mowbrey 
ontrol operated by water level opens or closes the by-pass 
alve from the electrically driven feed-pump, while a low-water 
evice and pressure-operated switches safeguard all working 
ynditions. 


).1.2) Electrical Equipment. 


Each locomotive is equipped with four axle-hung nose- 
ispended series-wound motors, the two motors on each bogie 
cing permanently connected in series. Motor characteristic 
irves are given in Fig. 10. Each motor drives through a single- 
duction gearing comprising a hardened, tempered and ground 
inion and a gear wheel with oil-hardened and tempered Maag 
volute teeth. The gear wheel incorporates either a rubber 
silient connection between rim and centre, as shown in Fig. 11, 
‘ springs in the case of the 20 locomotives first built. 

The driver, aided by ammeter, line and motor voltmeter and 
eed indicator, has complete control of each locomotive, 
itomatic speed control being impracticable owing to variation 
composition and type of train. Control can be effected from a 
aster controller at each end of the locomotive. There are ten 
onomical running speeds when motoring and taking current, 
imely full series, full parallel and four weak-field steps in 
ries and in parallel. The controller handle may be moved 

a resistance notch to lower the speed in both series and 
allel motor connection. To assist in starting heavy trains 

running at low speed in adverse weather conditions, the 
st five steps of resistance of the 14 series steps may—when 
tially cold—be kept in circuit without undue heating for 
tween 5 and 10min. The motor fields are shunted to permit 
akening of the field to obtain higher speeds and also to 
saken the field of the leading motor of a pair to reduce its 
ictive effort and compensate for transfer of weight from front 

back axle and reduce tendency to front-wheel slip. The 
sistors are of cast iron, housed in a compartment, as shown 

Fig. 12, alongside another containing the high-voltage control 
ar. The doors of both compartments are interlocked with the 
1in isolating switch, so that before the door can be opened the 
ntographs must have been lowered and earthed. 
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Fig. 10.—Bo + Bo locomotive—traction-motor characteristic. 


Ratings Output h.p. amp volts 
F.F, 435 510 
One-hour 
W.F. 467 540 
EE: 310 360 
Continuous 
340 397 


Wheel diameter .. 50in 
Gear ratio Me Me 17/70 
Armature speed (r.p.m.) TaD hee oc. 


The main elements of the control circuit are shown sche- 
matically in Fig. 13. 

Each locomotive has two motor-generator sets, one mounted 
at either end of the locomotive. Their series motors are fed 
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Fig. 11.—Resilient gear wheel. 


A—Gear-wheel rim. 
B—Gear-wheel centre. 


C—Silentbloc bush. 
D—Securing pin. 


Fig. 12.—Bo + Bo locomotive—body layout of equipment. 


A—Compressor. 

B—Supply motor-generator. 
C—Exhauster. 

D—Resistors. 

E—High-voltage compartment. 
F—Boiler. 


through fuses and current-limiting resistors at line voltage. 
Control current is supplied at 50 volts by the supply motor- 
generator set in parallel with a 33-cell alkaline battery. The 
supply motor-generator is rated at 5kW and its voltage is auto- 
matically regulated to 50 volts to supply control, lighting and 
other auxiliary circuits; it also drives the blower supplying air 
to one pair of motors. The exciter motor-generator is rated at 
35kW; it excites the main motor fields during regeneration, 
and drives the blower for the other pair of traction motors. 

Regeneration, available both in series and parallel connection, 
is effective above about 16m.p.h. After adjusting the motor 
voltage to equal the line voltage, by manipulation of the 
“regeneration lever,” the driver, on setting his controller to full 
series or full parallel, connects the motors to the line and can 
then vary the main motor excitation in 17 steps to produce the 
braking effort desired, provided that he does not exceed about 
500 amp or cause the line voltage to rise above about 1950 volts. 
If for any reason regenerative braking ceases, the air brake 
comes on automatically, and this also occurs if the driver fails 
to keep either the deadman’s pedal or the hand button depressed 
for more than 6sec. 

Each locomotive carries a 2-cylinder motor-driven geared 
compressor supplying air maintained at a pressure between 
85 and 100Ib/in? by an automatic governor, for locomotive 
brakes, control apparatus, pantograph, whistle, sanders and 


G—Exciter motor-generator. 
H—Air reservoirs. 
J—Traction-motor blowers. 
K—Hand brake. 

L—Master controller. 

M—Battery. 


window wiper, and a 4-cylinder 2-speed direct-driven exhauste 
to operate the brakes of vacuum fitted trains. Both are drive 
by 1 500-volt series motors, protected by fuses and (except th 
exhauster) current-limiting resistors, and are mounted in one « 
the machinery compartments. 

All four auxiliary machines, except the compressor, are sel 
ventilated, and they and the blowers draw air from the insi¢ 
of the locomotive. Air filters are fitted. 

Each locomotive is fitted with two pantographs, and both at 
normally in the up position when running. They are spring 
controlled and air-operated, and arranged so that all circui 
except that for the compressor are opened before the pan leave 
the wire, whilst they are pulled down by their springs if a 
is released from their cylinders. They can also be raised by 
hand pump. The single pans are of galvanized steel with coppé 
wearing strips and a light central auxiliary pan is fitted. Th 
other characteristics of the pantograph conform closely to tho: 
described for the Shenfield electrification, except that the tot: 
operating range is 8 ft. 


(G2) (COX Locomotives 
(5.2.1) Mechanical Parts. 


_ The leading particulars of the CoCo locomotives are liste 
in Table 4. (See also Figs. 14 and 15.) They differ basically fror 
the By + Bo locomotives in that they take buffing and tractio 
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Fig. 13.—Bo + Bo locomotive—power schematic. 


rces through the under structure, leaving the two bogies inde- 
ndent of each other, apart from their connections to the upper 
ructure frame. Whilst of the mixed traffic type, they are 
imarily intended for passenger working, and all are fitted 
th electric boilers supplying steam for coach heating as already 
scribed. 

The bogies are of the double-bolster equalized type with 
ames fabricated from 7/16in plates in box form so that the 
le-box guides are built in and the equalizing beams resting 
. the axle-box top are accommodated inside the “box.” 
wing to their length and complicated nature, the frames are 
ess relieved after fabrication. The two side units of each 
gie are braced together by cast-steel cross-stays in which the 
uble bolster can slide transversely, and through which the 
ctive force is transmitted via the bolster to the bogie centre 


Fig. 14.—Cp-Cp mixed-traffic locomotive. 


on the body structure. Each of the three nose-suspended motors 
in one bogie is supported from one of the cross-stays by a link 
fitted with Silentblocs at each end and located laterally by a 
similar smaller link, so that the wheel bosses and motor-sus- 
pension bearings, which have a generous lateral clearance, never 
come into contact and all movement of the motor is accom- 
modated by the Silentbloc. 

The weight of the body is carried by four spherical bearers 
sliding on each bolster, which in turn rests on laminated springs 
supported by swing links from the bogie cross-stays. The 
equalizing beams are carried by twin coil-spring nests. Owing 
to the buffing and drawgear being fitted on the understructure, 
this is necessarily of more robust design than on the By + Bo 
type, and consists of rolled-steel sections suitably cross-braced 
and stiffened over the large-diameter bogie centres. The body 
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has a layout similar to that of the By + Bo type, except for an 
additional resistor chamber. The brake system is the same as 
on the other locomotives and operates the clasp brakes through 
four cylinders on each bogie and Westinghouse slack adjusters. 


(5.2.2) Electrical Equipment. 


The six axle-hung nose-suspended motors are arranged to 
give three fixed speeds. Motor characteristic curves are given 
in Fig. 16. To ensure good sharing of load between these loco- 
motives in series and series-parallel connections and the By + Bo 
in series and in parallel connection, the characteristics have 
been arranged to match in preference to taking full advantage 
of the adhesion weight of the locomotive. In parallel connection 
the locomotive is capable of 90m.p.h., with new tyres, although 
this line does not permit full advantage being taken of the whole 
available speed range. There are twelve economical running 
speeds when motoring and taking current, namely series, series- 
parallel and parallel and three weak-field steps in each 
combination. 


Otherwise the arrangement of motors and gears, of control 


gear, and equipment housing, conforms closely to that of tt 
By + Bo locomotives. 

The detailed design of the equipment reflects more rece 
practices, e.g. in the provision of silver butt interlock contac 
shielded against dust. Apart from the reverser, all 1 500 vo 
switching is carried out by unit switches; the master controlle: 
have continuous movement covering all three speed combination 

The arrangement of the equipment is shown in Fig. 17, an 
the main elements of the control circuit in Fig. 18. 

The auxiliary equipment and facilities for regeneration co! 
form generally to those of the By + Bo, and wherever possib 
components serving the same purpose are identical. 


(5.3) Multiple Unit Stock 


The differences between the stock for this line and the Shenfie! 
line are, apart from the provision of first class accommodatio: 
of a minor nature. There are contacts in the deadman’s hand 
which cut power off immediately the handle is released, ar 
single bifurcated jumpers between units which permit units | 
be coupled in any way. 
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Fig. 17.—Co-Cp locomotive—body layout of equipment. 


A—Compressor. 

B—Supply motor-generator. 
C—Exhauster. 

D—Resistors. 

E—High-voltage compartment. 
F—Boiler. 
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G—Exciter motor-generator. 
H—Air reservoirs. 
J—Traction-motor blowers. 
K—Handbrake. 
L—Master controller. 
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Fig. 18.—Co-Cop locomotive—power schematic. 


LOCOMOTIVE AND ROLLING STOCK MAINTENANCE 
DEPOTS 

Depots for the inspection and running maintenance have 
nn provided at Reddish, Darnall and Wath (see Figs. 19, 20 
1 21). Reddish depot also incorporates an overhead-line 
intenance depot: another has been provided at Penistone. 

Reddish depot is double ended, although for this stage of 
‘elopment only one connection to the running lines is pro- 
ed. It comprises inspection and light-repair bays, stores, 
rkshops, offices and amenities for staff. The building, 400ft 
g, will accommodate 6-coach trains. The inspection bay has 
) wired tracks provided with pits for half their length, and 
light-repair bay has one unwired track and a 35 ton overhead 
elling crane, and accommodates the overhead-line-equipment 
es and motor-transport garage. Dry carriage cleaning will 
carried out in the inspection bay; for wet cleaning an out- 
r track with concrete apron and cleaning trollies has been 
vided. A sand-drying and supply plant is provided in the 
1; also water-filling points for the electric boilers on loco- 
ives. Storage sidings are provided for the eight 3-coach 
s and for overhead-line maintenance vehicles. Tungsten- 
nent lighting is used in the shed and yard, and in the pits. 

arnall is a much smaller depot, 150ft long, with two wired 


tracks provided with pits throughout. No lifting facilities 
are available, and only inspections and emergency repairs will 
be made here. The shed is double-ended, and there are two 
connections to running lines. A sand-drying and supply plant 
and electric-boiler water-filling points are provided. 

Wath depot is 200ft long with two wired tracks provided 
with pits throughout, with hydraulic jacks for lifting bodies of 
locomotives, and a wall jib crane. The building was con- 
structed on articulated principles to allow for mining subsidence. 
This has occurred, and the shed has suffered no damage. Wath 
will deal only with inspections on some locomotives and 
emergency repairs, but during the first two years of operation 
all maintenance work and lifting has been carried out at Wath. 


(7) ERECTION AND SETTING TO WORK 

The first Bp + By locomotive ran trials on the Manchester- 
Altrincham line in 1941, subsequently running some 330 000 miles 
in service on the Netherlands Railways. The mechanical parts 
of the remaining 57 By + By and 7 Co-Cy locomotives were 
built at Gorton, and the electrical equipment was erected at 
Dukinfield between 1949 and 1954. The first electric locomotive 
ran on the Manchester—Sheffield-Wath line at Wath on the 
3rd June, 1951. 
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Fig. 19.—Reddish inspection and light-repair shed. 


H—Staff amenities. 
I—Mess room. 


A—Substation. 

B—Battery room. 
C—Conmppressor room. 
D—Brake fitter’s shop. 
E—General store. 

F—Oil store. 

G—Fuel store and boiler house. 


K—Pantograph shop. 
L—Offces. 
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Fig. 20.—Darnall inspection shed. 


A—Oil store. 
B—General store. 
C—Lavatory. 
D—Mess room. 
E—Office. 


Training of drivers has proceeded almost without an interval 
from 1951 to the present time. 

Aldam Junction substation and Penistone control station 
were commissioned in April, 1951. 

The 33kV transmission cables and pilot cables were laid and 
commissioned concurrently between 1950 and 1954. 


(8) EXPERIENCE ON WATH BRANCH 
(8.1) General 


The short length of 18 miles which has provided the first piece 
of concentrated freight haulage by electric traction in the British 
Isles is literally crowded with testing points, and it may safely 


J—Entrance and offices. 


M—Pantograph retractable table. 


O—Cable and overhead-line-equipment store. 
P—Overhead-line-equipment workshop. 
Q—Garage. 

R-—Operating department accommodation. 
S—Cycle shed. 

T—Motor-cycle shed. 


‘ 215'- oO ; 
iam eS 
y A B c i) — |F G H | ra) 

| 2, 
a 


Fig. 21.—Wath inspection shed. 


A—Oil store. 

B—General store. 

C—Substation. 

D—Workshop and shop office. 
E—Shed-staff locker and mess room. 
F—Lavatory. 
G—Motormen’s locker and mess room. 
H—Office. 

I—Time lobby. 

J—Jib crane. 


be said that physical and technical difficulties are likely to & 
much less in practically all other parts of the country. 

On one occasion a particularly violent thunderstorm cause 
more than forty lightning strikes on the electricity supply ne 
work and affected three locomotives in service. Trouble frot 
icing of conductors has been negligible, and generally any intel 


ruptions due to wintry conditions have been caused by snow i 
the points. 
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(8.2) Fixed Equipment 


Adjustment of 5ft has been allowed in the design of contact- 
ne supports in areas liable to subsidence, and at one location 
1is has been completely absorbed. Further provision in such 
ases entails building up of foundations and lifting the sup- 
orting structures to a height which will enable the girder to 
overt to a lower position on the uprights. 

The supervisory control over the system from Penistone 
ontrol has functioned satisfactorily, and the few cases of 
uilure have been due to dust on contacts in substations. In 
O case has any interruption of supply resulted. Two failures 
f rectifiers due to leakage through the anode ignition seals 
ave been dealt with by redesigning the seals. Some trouble 
as been met in the cable joints owing to mechanical stress 
aused by movement of the cables. Examination of joints by 
-rays has been extensively used in investigating the causes; this 
,an entirely new technique and seems to have great potentiality 
or revealing the condition of parts hidden from the human eye 
fter the work has been completed. 


(8.3) Rolling Stock 


The heavy mineral and freight trains are composed mainly of 
ose-coupled unbraked stock, and drawgear limitations and 
ther circumstances necessitate one locomotive on double- 
ngine loads being at the rear. Under the worst conditions, 
dhesion has been found to be as low as 0-17. The assisting 
gine at the rear is the more likely to slip, and as it does so, 
verload is thrown on to the train engine. 

One cause arises from wet small coal, drippings from which 
il on to the track, making the conditions worse for the rear 
igine. A large quantity of this traffic is carried over the line, 
nd such wagons are the most heavily loaded. 

This slipping, and also the difficulty of synchronizing the 
ovement from series to parallel working between the two loco- 
otives, has thrown considerable strain on the bogie centre 
vots. Probably the effects of inertia from the bodies of the 
» + By locomotives were underestimated, and it has been found 
sirable to replace the original cast-steel pivots by forgings, 
ducing the leverage by shortening the pivot and interposing a 
n plate between it and the understructure of the body. 
Initially, the extremely dirty condition of the atmosphere 
used difficulties with air filtration. The contamination arises 
om three main sources, namely the sooty and smoke-laden 
mosphere, cast-iron dust from brake shoes and the exhaust 
9m the traction-motor blowers stirring up carbonaceous 
posit—which has accumulated over the years from the cause 
entioned above—on the track. The filters in the body sides 
pidly—i.e. in the course of a few days—became partially 
ogged, and the air found its way through all possible inlets 
d crevices, partly through the driving cabs, making them cold 
d draughty. Negative pressure in the high-voltage and resistor 
mpartments led to deposition of dust, some of it metallic, in 
2m, and extensive work of blowing out and cleaning was 
cessary. The solution has been to reduce the degree of 
ration and to divert from the blowers a direct air-stream into 
> high-voltage compartment in order to put this at a pressure 
shtly above atmosphere and thereby restrict the ingress of 
ally unfiltered air. 

Standard working arrangements utilize both pantographs— 
reduce the collection per pantograph. This has been beneficial 
many cases where it is not possible to adjust for subsidence 
y by day, in sidings not frequently used, where contact wires 
some contaminated with smoke and particularly for supplying 
. full-steam heating load when locomotives are stationary. 
th lac and grease have been used for pantograph contact- 
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wire lubrication, and after much experiment it has been decided 
to adopt an appropriate grease. 

Tyre wear is naturally heavy on this section of the line, and 
tyres have required re-turning at 35 000-40 000 miles. Work of 
this kind is carried out at Gorton Locomotive Works, as also 
will be casual repairs of an extensive nature and all long-period 
overhauls. Day-to-day servicing is catered for on a systematic 
basis at the Electric Depots on time periods of 5, 30 and 60 days. 
The short-period servicing requires 2 hours, and is carried out 
between turns on a round-the-clock basis. The 30- or 60-day 
servicing requiring 8 hours is completed in the normal day 
shift, and the locomotive is available for a turn commencing 
after Sp.m. Availability has been of the order of 96°%. It has 
not been possible yet to obtain firm figures of availability, 
including works overhauls, since the tyre turning has so far 
been arranged in conjunction with modifications, referred to 
earlier, but with interchange of bogies, etc., it is anticipated that 
a high availability will be maintained. 


(8.4) Operation 

The heavy traffic on the initial stage of electrification has been 
very satisfactorily handled and the encroachment into the week- 
end to clear each week’s loadings has been greatly reduced. 

Nevertheless the full traffic potentialities cannot be realized 
while steam-hauled freight trains from Sheffield and Barnsley 
are sandwiched between electric trains so that the average speed 
tends to be reduced to that of steam operation. This position 
was somewhat eased by the opening of the new tunnel and by 
the introduction of full electrified operation from Manchester 
as far as Penistone, but it awaits the final extension to Rother- 
wood Exchange sidings, east of Sheffield, in order to realize the 
full traffic possibilities. 


(9) POSSIBLE FUTURE EXTENSIONS 

The present scheme is of too isolated a nature to permit the 
full benefits of electrification being achieved. In particular, it 
is not large enough to allow the closing of any motive-power 
depot and most trains suffer a change of motive power from 
steam to electric at Rotherwood or Wath, and vice versa in the 
Manchester yards. Investigation is now being made of the 
most efficient way of extending the electrification. The cost of 
electrifying the lines from the collieries and marshalling yards 
south of the present termination at Rotherwood seems likely to 
be appreciably less proportionately than that of the work com- 
pleted. These lines are relatively simple in pattern and would 
permit the use of newer less-costly techniques developed since 
the present scheme was planned. 

Development of this area would naturally lead to considera- 
tion of extending the electrification eastwards to Lincoln and 
Whitemoor and southwards down the old Great Central line, 
by which freight traffic could pass expeditiously to the Western 
Region via Woodford and Banbury. 

On the western side, the flow of traffic is much more diverse, 
and it would seem that the most likely immediate development 
is of a suburban character based on completing the present 
electrification to Manchester Central and electrifying the lines 
to Hayfield and Rosehill. 


(10) FUTURE DESIGN TRENDS 


As nearly 20 years have elapsed between the inception of this 
scheme and its completion, it is not surprising that new know- 
ledge has become available and that fashion has changed so 
that differences in equipment will be considerable if these exten- 
sions proceed. Some indication of these follow for each main 
section. 
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Power Supply.—So far as possible, the tendency would be to 
take local supplies at the substations and thus avoid costly 
railway-owned h.v. feeders. If possible, supplies would be taken 
at 11kV. 

H.V. Cables.—\f 33kV cables were essential, e.g. in areas such 
as the actual Pennine crossing, where no other use for electricity 
exists, they would be of the oil-filled type, suitably served with 
p.v.c. or other non-permeable servings, buried direct if the 
terrain allowed or continuously supported in concrete troughs 
or asbestos cement pipes. 

H.V. Switchgear.—This would be of the indoor metalclad, 
compound-filled type, with minimum oil circuit-breakers. 

Rectifiers —These would be of the pumpless fan-cooled type 
in glass or steel containers, unless other types superseded the 
current mercury-arc rectifier. 

D.C. Switchgear.—This would be truck-mounted and probably 
solenoid-operated from a power battery. 

Supervisory Control.—This would probably be of a type giving 
direct control and indication of each switch from a miniature 
diagram. 

Overhead-Line Equipment.—lf, as seems probable, present 
substation and track-paralleling hut spacings were maintained, 
the cross-section of overhead conductors would be reduced and 
advantage taken of increased knowledge and experience to 
increase span lengths and reduce weight of structures. Single 
cap-and-pin insulators would be used with non-ferrous fittings 
and registration from span wires. Wherever possible foundations 
would be mechanically excavated, using a truck-mounted power 
auger to produce smail deep cylindrical foundations. 

Locomotives.—New designs are in preparation for standard 
locomotives, probably including central cab, with multiple-unit 
control, air-blown resistors with vernier notching and the 
maximum use of vertical-shaft rotary drives for auxiliaries so 
as to economize floor space. It seems probable that By — By and 
Cy-Cp locomotives will satisfy all except a few classes of train and 
may be arranged with double reduction gears to reduce motor 
weight. Passenger trains will increasingly be of the high-speed 
light-weight multiple-unit type, allowing the full benefits of 
electrification to be available to passengers and to railway 
operating and motive power staff, and allowing locomotives to 
be designed for the freight services for which they are most 
suitable, without the complications introduced by attempting to 
make a mixed-traffic type, e.g. boilers would be unnecessary. 
It is probable that increased attention will be paid to camshaft- 
type controllers to economize space. In general the object will 
be to reap the benefits of improved manufacturing techniaues, 
which should allow of practically unlimited life on the track 
without servicing. 
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(13) APPENDICES 
(13.1) Substation Equipment 
(13.1.1) Oil Circuit-Breakers. 


Symmetrical breaking capacity 
Type of arc-control device 
Weight of 3- ere oil circuit- breaker Corr 


500 and 750MVA 
Turbulator 


plete with oil)* . 6001b 
Quantity of oil 135 gal 
Opening time 3-25 cycles 
Making time 5-5 cycles 
Make-break time from operation of relay 7-5 cycles 
Arcing time: 
(a) at rated breaking-capacity current 1-15 cycles 
(b) at 60% rated breaking-capacity 
CURTEH tear. Es oF mel 4scyeles 
(c) at 10% rated brain se 
current se 2 Cycles 
Total break time 4-4 cycles 
(13.1.2) Power-Operated Isolators. 
(a) Motor operated off-load rotary ele 
(6) Continuous current rating 400 amp 
(c) Short-time rating up to Ssec 13 150amp 
(d) Operating motor voltage 50 volts 
(e) Operating time , 9sec 
(f) Total weight (excluding mechanism) 1 6801b 
(g) Weight of mechanism and housing 6721b 
(13.1.3) Rectifier Transformers. 
Primary connection Delta 
Number of secondary phases 2 
Efficiency at 0:25 x full load 98-03% 
Efficiency at 0:5 x full load 98-41% 
Efficiency at1 x full load 98-03% 
Efficiency at 1-5 x full load 97-39% 
Efficiency at 2:0 x full load 96-61% 
Efficiency at 3-0 x full load 94-98% 
Impedance voltage. . 925% 
Quantity of oil 1 700 gal 
Total weight of transformer 49 400 1b 
Normal capacity 3 245kVA 


(13.1.4) Mercury-Arc Rectifiers. 


Water cooled Air cooled 
Nominal capacity .. ae 2 500k 2 500kW 
Number of cylinders per ‘complete rectifier 
unit 
Weight of each cylinder with auxiliaries. . 711 468lb 5 824lb 
Efficiency at 0:25 x full load at 50°C . 98-35% 97-03% 
Efficiency at 0-5 x fullload at 50°C .. 98-44% 97-72%, 
Efficiency at 1-0 x full load at 50°C 98-18% 97-90% 
Efficiency at 1:5 x full load at 50°C 98-0% 97-93% 
Efficiency at 2:0 x full load at 50°C 97-74% 97-89.% 
Efficiency at 3-0 x fullload at 50°C .. 97-20% 97-78% 
Combined efficiency of rectifier and transformer: 
(a) At 0-25 x full load 96:41 % 95-127 
(b) At 0-5 x full load 96°87% 96°18% 
(c) At 1-0 x full load 96:24% 95-9874 
(d) At 1-5 x full load 95-44% 95-384 
(e) At 2-0 x full load 94-42% 94:57% 
(f) At 3-0 x full load 02-324 92:87% 
Power factor at normal voltage: 
Water cooled Air cooled 
(a) At no load 0:22 0:22 
(b) At 0-25 x full load — 0-945 0-945 
(c) At 0-5 x full load 0-960 0-960 
(d) At 1-0 x full load 0-959 0-959 
(e) At 1-5 x full load 0-947 0-947 
(f) At 2-0 x full load 0-906 0-906 
(g) At 3-0 x full load 0-887 0-887 


* 6 000 lb for 750MVA at Gorton substation. — 
{ Excluding main re-cooler unit: weight 2 3521b. 
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(13.1.5) High-Speed Circuit-Breakers. 


Rectifier Feeder 
Continuous-current capacity 2 000amp 1 600amp 
Minimum operating voltage 1 150 volts 1 000 volts 
Time for rupturing dead short-circuit (i. e. 
no external inductance) ae .. 0:022sec 0:022sec 
Range of overload settings 2 500amp 3 000— 
Weight of circuit-breakers 5301b cee 
Current rating of isolators 2 000amp 1 600amp 
(13.2) Reiling Stock 
(13.2.1) Locomotives. 
Bo + Bo Co-Co 
Number of units .. a6 ole a 
Tare weights: 
Mechanical ae a2 Oo Tons 66:5 tons 
Electrical .. 4 OS tons 35-5 tons 
Total ee PCOS OltOns 102 tons 
Total in working order ROO MAtOnS 102-75 tons 
Length over buffers . S50ft 4in 59 ft 
Width of body ts tg Oe 8ft 10in 
Height with pantograph 
lowered .. 13ft lin 13ft lin 
Maximum service speed 65m.p.h. 90m.p.h. 
Wheel diameter sh SO)iia 43in 
Number of motors 4 6 
Continuous rating—full field 1 240h.p., 2 400h.p., 
31-9m.p.h. 44-2m.p.h. 
Continuous rating—weak field 1 360h.p., 2 400h.p., 
$1-5m.p.h. 3)//SSyienyo).let, 
One-hour rating—full field.. 1 740h.p., 2 700h.p., 
26:3m.p.h. 41-Sm.p.h. 
One-hour rating—weak field 1 868h.p., 2 760h.p., 
45-3m.p.h. $2°7m.p.h. 
Maximum tractive effort 45 0001b 45 0001b 


Type of gears Be Single straight spur, resilient 
Gear ratio .. 17/70 17/64 
Minimum clearance ‘to rail. . 
Weight of motor with as 
and gear case : 
Ventilating air per motor .. 
Type of control ; 


4in with fully worn tyres 
10 6421b 7 112\b 
2 000 ft3/min 2 200ft3/min 
Hand-notched Hand-notched 
electro-pneumatic electro-pneumatic 


contactors. Drum contactors 
switches for 
motor grouping 
Number of notches: 

Series : Ae Se Ip) 17 

Series parallel oh Sey = 10 

Parallels. £3 res glee 8 

Weak field. . .. 4in each com- Beineercacheacom= 

bination bination 


Low-voltage supply 50 volts for control, lights and cab 
heating 
Heating 3kW per cab 
Number of locomotives fitted 
with boilers ar ela i 
Boiler rating ; she 360kW 
Boiler output 1 0001b/h 


Continuous rating of supply 
motor-generator set 
Continuous rating of exciter 
motor-generator set 
One-hour rating of exciter 
motor-generator set 
Continuous rating of com- 


5kW, 1 450r.p.m. 
36-5 volts, 685 amp, 1 130r.p.m. 
45 volis, 7830amp, 1 020r.p.m. 


pressor Approximately 9h.p., 1400 volts, 
1001b/in? 
Compressor displacement .. 38ft3/min at 1200r.p.m. 
Rating of exhauster Approximately 7+h.p. high speed, 


3th.p. low speed 

132ft3/min at 1 200r.p.m. 
82-5 ft3/min at 750r.p.m. 

Cadmium-nickel-iron alkaline 40 Ah 
at 5h rate, 33 cells 

Westinghouse vacuum-controlled 
straight air-brake with automatic 
emergency and regenerative failure 
features. 


Exhauster displacement 
Battery 


Brakes 


177 
(13.3) Multiple-Unit Stock 
Electricas Mechanical Total 
tons tons tons 
Number of units .. ae *. Re ts an ‘ie 8 
Tare weights: 
Motor coach 16° 9755 935-0952 065 
Trailer coach : 02685) 259/252 6r 405 
Driving trailer-coach 0-800 26-68 27-480 
Three-coach unit 18-460 87:49 105-950 
Length over buffers: 
Three-coach unit 177ft 7in 
Six-coach train .. 355ft $in 
Width of coach body : Oft 3in 
Height with pantograph lowered 13ft lin 


Number of seats (six-coach train) 
Standing room (six-coach train) .. 


352 persons 

440 persons (estimated at 
2 ft? per person) 

70m.p.h. 

64m.p.h. with 175% 
seated load 


Maximum service speed .. 
Balancing speed on level track 


Wheel diameter 43in 

Average acceleration 1-:25m.p.h./sec to 
22-5m.p.h. 

Average retardation 2:Om.p.h./sec from 
30m.p.h. 

Continuous rating of unit 628h.p., weak field, 1 400 
volts 

One-hour rating of unit 840h.p., weak field, 1 400 
volts 

Horse-power per ton, all seats occupied.. 7:2, weak field, one hour 
rating 

Average accelerating current per unit 628amp with motors in 
parallel 

Type of gears Single straight spur, case- 
hardened 

Gear ratio 18/69 


Minimum clearance to rail : 44in with fully-worn tyres 

Weight of motor with gears and gear. case 6 1231b 

Type of control ae , .. Multiple-unit with auto- 
matic acceleration, elec- 
tro - pneumatic con- 
tactors 

Shunting—1 

Series—9 

Parallel—S5 

Weak field—1 (in parallel) 

52 volts for control, lights, 
brake and door circuits 

Approximately 8kW _ per 
coach—sets of seven 
400-watt heaters in 
series across 1 500 volts 
W 


Number of notches 


Low-voltage supply 


Heating 


Continuous rating of motor-generator set 
Continuous rating of compressor Approximately 8h.p. at 
1 400 volts, 1001b/in2 

38 ft3/min at 1 200r.p.m. 

Cadmium-nickel-iron- 
alkaline, 125Ah at Sh 
rate, 33 cells : 

Westinghouse electro- 
pneumatic with self-lap- 
ping drivers’ brake valve 

Peters’s electro-pneumatic 
with individual coach 
isolation. 


Displacement of compressor 
Battery Ys. of 


Brakes 


Doors 


(13.4) Overhead Equipment 


Length of route equipped 68 miles 
Length of single track (running lines) 212 miles 
Length of single track (sidings) . 88 miles 


Similar to overhead equip- 
ment of Liverpool St.— 
Shenfield line except that 
the minimum height of 
the contact-wire on the 
Manchester — Sheffield — 
Wath line is 13ft. 9in. 


Construction of equipment 


[The discussion on the above paper will be found overleaf. ] 
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DISCUSSION BEFORE THE INSTITUTION, 2ND DECEMBER, 1954 


Mr. C. K. Bird: In spite of the time that has passed since the 
inception of this scheme, it is gratifying to see that there has 
been comparatively little change in the tonnage conditions with 
which this electrification was planned to deal. Although there 
has been a slight shift in the production of coal to the Notting- 
hamshire coalfield in place of the Yorkshire one, the problem of 
traffic is still the same—that of very heavy mineral traffic, mainly 
passing east to west. To that extent, the success or failure of this 
electrification scheme provides a fair test as to the efficiency with 
which the plans were carried out and the efficiency of all the 
planning that has gone into it. 

I should therefore like to take this early opportunity of 
reviewing in some little way the results which have so far been 
achieved. 

The authors have already mentioned that a speed limit of 
65m.p.h. is imposed for track reasons, so the full capacity and 
capabilities of the Cpy-Cy locomotive cannot be developed. 
None the less, in contradistinction to the adverse comment made 
by Mr. Allen in the current Railway Magazine on the deteriora- 
tion of times from Sheffield to Manchester, where he quotes a 
very good run by a B.17 steam locomotive with a seven-coach 
train as running from Sheffield to Penistone in 19min, the Cy—Cg 
locomotives have achieved that in just under 15min with nine 
coaches. 

I should next like to comment on the excellent way in which 
the motor-men have taken up their training and the skill that 
they have already developed to quite a high degree. A number 
of these men are advancing in years, and that makes their speed 
in picking up this new technique particularly gratifying. 

Further on the question of speeds, on the freight side, the 
freight-train group return for the appropriate section shows in 
1953 for a particular four-week period in September an average 
speed of 8-4m.p.h. For the corresponding four weeks this year 
the average is 10:5m.p.h., which is an increase of 25%. 

Typical speeds included in that are Wath to Mottram, steam 
time 5h Smin. With stage one of the electrification there is a 
change-over from electric to steam at Barnsley Junction. The 
time is 3h 4min. At stage two, which was brought into opera- 
tion in July, the time is 2h 20min. Included in that, of course, 
is the famous or infamous Woodhead tunnel, where the average 
time taken to run through the tunnel under steam conditions on 
2nd June was 11-2min, and that has been reduced successively 
to 6:7 and 5-8min. 

The improvements which have been made on the passenger 
side are, one is glad to see, meeting with the approval of the 
public. From Manchester to Sheffield during the period 
20th September to 30th October, the increase in passengers has 
been 37%, while in a portion of the multiple-unit service there 
has already been an increase in both passengers and receipts of 
Overt2on- 

I should like to comment on the Section of the paper entitled 
“Co-ordination of Work.’ The authors stress the necessity of 
working together, department by department. I cannot empha- 
size that too much, because if we are going to proceed quite 
shortly into an era of major capital development, one of the 
things we must think out is how we are going to organize for it. 
We must not allow our provision of equipment to run ahead of 
our efficiency in bringing it into operation, or, afterwards, of our 
efficiency in using it. 

Mr. C. M. Cock: The electrification of the Manchester— 
Sheffield—Wath lines was authorized by the former Board of 
the London and North Eastern Railway Company in 1936, and 
was completed this year. 

After making allowance for the six years of war, when little 


| 
or no construction was carried out, and another two years for ' 
the transition from war to peace, it has taken ten years to com- 
plete 75 route miles. That is an annual rate of construction 
of 7:5 route miles. During the four years preceding the 
1939-45 War, the former Southern Railway Company were 
bringing electrification into use at an average rate of 90 route 
miles per year and probably they could have stepped up the rate 
of construction. 

General electrification in this country is long overdue, but at) 
last there are indications of a will to proceed. 

But according to a recent Press report, there seems to be an | 
impression at the British Transport Commission that delivery of | 
equipment by British industry is an uncertain factor in a plan for 
reconstruction which one must presume contains a large element | 
of main-line electrification. The capacity of technical staff is 
said to be another uncertain factor. Is it the intention to_ 
electrify at the rate of 7-5 route miles per annum or 90 route | 
miles per annum, or something quite different ? 

Any doubt should be cleared at once with regard to the ability 
of British industry to undertake large-scale electrification in | 
Britain. Experience has been obtained all over the world under | 
widely diverse climatic, technical and operating conditions. | 
Manufacturing capacity is already ample, and it can, if necessary, © 
be expanded to meet any reasonable acceleration in any electri- _ 
fication programme that may arise. | 

It is not clear what is meant by the capacity of technical staff. _ 
It may well be that the staff of British Railways is inadequate— 
numerically, I mean. But it must not be forgotten that there 
are available in this country other organizations employing men 
of vast experience and knowledge of railway electrification, both 
at home and abroad. These could be enlisted, if necessary. If 
the Southern Railway Company could electrify 90 route miles | 
per annum before the war, I suggest that by suitable and 
energetic organization, it would be possible to carry out electri- 
fication in independent groups totalling, say, on a conservative - 
basis, 300 route miles per annum. But this is not enough, for at 
this rate a generation would pass before even one-third of the 
route miles of this country were electrified, and I suggest that 
some serious thinking is necessary on this point. 

With regard to the By + Bo locomotives on the Manchester— 
Sheffield—Wath electrification, I should like to hear something 
further from the authors on’ the mechanical performance. I 
believe a locomotive with articulated bogies is never a good riding 
locomotive, and it is detrimental to the track. 

Regenerative braking is said to be effective above about 
16m.p.h. It is not mentioned in the paper, but Mr. Cook said 
this evening that there is some doubt about this range being 
suitable. On one railway with which I have been associated, 
1 500-ton trains are worked on descending gradients of 1 in 37 
at a maximum speed of 10m.p.h. for safety reasons, but the 
regenerative braking is effective down to about 7m.p.h. 

The trains referred to are tight-coupled and continuously 
braked. The handling of loose-coupled unbraked trains, such 
as are worked on the Manchester-Sheffield electrification, is 
much more difficult and would seem to call for regenerative 
braking down to a speed very much lower than 16m.p.h. 

I am surprised that grease is used for the lubrication of panto- 
graphs. Elsewhere a hard lacquer-bound graphite compound 
has been found to give a life to the pantograph wearing strips of 
about 40 000 miles compared with 14000 miles for the grease- 
lubricated strips. But some perseverance is necessary to get the 
right mixture of the compound, and perhaps the services of the 
research department are necessary. 

With regard to future trends, I should like to caution the 
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authors on their suggestion to increase the span length of the 
overhead equipment. No details are given in the paper of 
existing span lengths, but I assume that, since this electrification 
is similar to the Liverpool-Street-Shenfield electrification, these 
are a maximum of 210ft. Spans of 300ft were adopted on the 
Melbourne electrification about 40 years ago, and on many 
occasions during gales the contact wire was blown off the panto- 
graph with disastrous results, and expensive modifications were 
necessary to prevent this. 

A train-heating boiler, both in an electric and a Diesel-electric 
locomotive is offensive. Nobody in this country has yet pro- 
duced anything really reliable for the latter. It is to be deplored, 
however, that this should be a reason against the very convenient 
mixed-traffic locomotive. The boiler properly belongs to a 
special tender, and the electrical engineer should not consider it 
retrograde or undignified to attach one of these things to an 
electric locomotive, in accordance with the ancient tradition 
of steam, for the winter season only. Incidentally, is 1 0001b of 
steam per hour sufficient to warm a British train? It is suggested 
that double this quantity is necessary to avoid complaints from 
the patrons of British Railways. Electric heating of carriages is, 
of course, the best solution with electric traction. 

Mr. O. J. Crompton: The spacing between droppers on the 
contact-wire is just the same on the simple as on the compound 
caternary. The stitched wire, or Y-construction, as it is known 
on the Continent, is superimposed on simple catenary construc- 
tion to enable the contact wire under the structure to follow to 
some extent the movement of the contact wire in mid-span owing 
to the change of temperature, thus preserving a more level wire 
over the temperature range. Even so, the result is not as good 
as that obtained with a compound catenary. 

With regard to tubular structures, even though—as the authors 
point out—they are much lighter, fabrication costs rule them 
out of normal two-track construction. There is also the big 
difficulty of galvanizing steel tubes and the risk of explosion. 

In Fig. 6 it would be clearer if the description ‘“Founda- 
tion level after subsidence’’ were amended to read ‘‘Founda- 
tion level after subsidence and packing-up of track to original 
evel. 

The Pennines naturally divided the scheme into two halves, 
one construction unit being organized for the work on the 
Manchester side and another on the Sheffield side, each being 
independent of the other. Work on the overhead equipment 
was timed to keep in step with progress on the new Woodhead 
tunnel and all new signal work. Thus, the rate of post-war 
progress, even taking advantage of all work done before the war, 
was only 32 track miles per annum on the Manchester side and 
28 on the Sheffield side. It should be made possible for one 
construction unit to proceed at not less than 80 track miles per 
annum. Low speed must increase costs, and such costs are 
pounced on with glee by those who advocate the retention of 
steam. 

Since 1936, when the Manchester—Sheffield electrification was 
authorized, there has been the commencement of one new scheme, 
namely Shenfield—Chelmsford—Southend, during this year, con- 
sisting of 70 track miles, and the cancellation in 1951 for reasons 
cof economy of 31 track miles on the central branch of the 
Manchester—-Sheffield scheme: 70 — 31 = 39 track miles of new 
work in eighteen years, including nearly ten post-war years. 
The net progress resulting from work authorized since the 
London and North Eastern decision in 1936 averages, therefore, 
about one route mile per annum. Whatever the reasons, such 
are the facts with regard to our country which we electrical 
engineers have to acknowledge. 

Mr. H. H. Swift: I should be glad if the authors would say 
-whether the 4 700 000 trailing ton-miles per single track mile per 
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annum, mentioned in Section 1.2, is the present-day calculated 
density of traffic. 

This electrification is unique since it is the first time in this 
country that regenerative braking has been used on a main line. 

When the scheme was being planned the costs had to be kept 
down to the barest minimum. We flirted with the idea of 
regeneration but the price seemed prohibitive. At about that 
time, Sir Nigel Gresley paid a visit to South Africa and came 
back full of enthusiasm and admiration for the regenerative 
braking on the Natal line, and suggested that this should be 
provided on the Manchester—Sheffield scheme if at all possible. 

As an alternative rheostatic braking was looked into, but 
it was found that the weight of the locomotives would be con- 
siderably increased by the extra resistors required. It was also 
feared then that if the starting resistors were used to absorb the 
regenerated current, difficulties of heating might occur. I hope, 
after hearing the authors’ description, that the trouble we feared 
in those days will not be encountered. 

Could the authors give any indication of the number of times 
the resistance contactors in the substations have been operating. 
I rather anticipate that because the line to Manchester Central 
Station has not yet been electrified the Gorton resistance con- 
tactors at present may have been working much more frequently 
than was expected. 

Would it be possible to have the costs in Section 2.2 segregated 
a little to show the spread of the cost of electrical engineering 
work over locomotives, substations, etc.? Segregation of the 
civil engineering figures would also be interesting to show the 
considerable cost involved in raising bridges and giving the 
necessary clearances. 

J note that the authors have described the way the ring busbar 
arrangement has been altered in a number of substations to what 
they call the straight-line busbar. In the early days the operating 
department stated that the line would be in use 7 days a week, 
24 hours a day, and to enable equipment to be isolated for 
ordinary maintenance and cleaning, the ring busbar was 
accordingly adopted. 

The rectifier rating was, of course, specified prior to the issue 
of B.S. 1698. The test load was worked out extremely carefully 
from the duty expected on the more heavily loaded substations, 
and I am pleased to hear from the authors that very little trouble 
has been experienced from this equipment. 

Are the resin-bonded glass-fibre registration arms, mentioned 
in paragraph (e) of Section 4.5.2, being used in conjunction 
with the normal insulator or will they eliminate the insulator 
entirely ? 

The structure-to-rail bonding, described in Section 4.6, is not 
similar to that employed on the Shenfield line, where a structure 
bond wire was run right through (because complete track-circuit- 
ing was installed from beginning to end of the route), whereas 
on the Manchester-Sheffield scheme, as shown in Fig. 6, the 
structures are bonded direct to the rail. With the revised 
signalling I should like to know whether this bonding method 
has been retained throughout. 

As to Section 10 (Future Design Trends), I fear the authors 
are rather too optimistic in their remarks on power supply. We 
are not so fortunate as they are in Holland, where the Grid was 
designed with the idea of giving a supply to the railways. In 
this country the railways almost invariably have to provide their 
own high-voltage transmission cables from the Grid switching 
points to the traction substations. 

With regard to locomotives, I would utter a word of warning 
against the adoption of the central-cab type. The sloping ends 
have to accommodate a great deal of equipment, but with this 
design both floor space and head room are very restricted. Like- 
wise, the driver’s cab tends to be noisy, particularly if compressors, 
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blowers, etc., have to be located close to the partition walls. 
Furthermore, the space for mounting pantographs is very limited. 
It is advisable to install pantographs as far apart as possible so 
as to reduce the concentration of load on the overhead line when 
both pantographs are in use. 

Mr. F. Whyman: Many of us have contacts with our steam 
locomotive colleagues, and we never cease to hear how cheaply 
they make these complicated steam locomotives, weighing per- 
haps 120-130 tons, for £20000 to £25000 each. This is very 
good, and we always marvel at it. 

One point in the paper I noticed with interest is an item for 
mechanical engineering work, £1 020000. Is it possible to have 
details of that figure? If it deals solely with the cost of the 
mechanical parts, which | think weigh about 51 tons each on the 
Bo + Bp locomotive, that works out at about £15 000 or £16 000 
per locomotive, spent on rather simple mechanical parts weighing 
51 tons. In view of the low cost of British Railways steam 
locomotives this requires a little explanation. 

My next point is of more importance. It deals with the flange 
wear on what I assume to be the Bp + By locomotive. The 
tyres are stated to require re-turning at 35 000-40 000 miles. 
This is indefensible on a locomotive of this type. A previous 
speaker has said in effect that the articulated type of locomotive 
is not to be preferred from a riding point of view and I quite 
agree. These locomotives, however, are not intended for 
high-speed running, and so far as I know they were deliberately 
designed to take advantage of the saving on tyres. They will 
give immense mileages between tyre turning on curving lines. 

I have considerable experience of similar locomotives on track 
far more severely curved than the Manchester—Sheffield railway, 
and there no By + Bo freight locomotive with articulation is 
highly thought of if it does not do 70 000-80 000 miles between 
tyre turning on account of flange wear, and those now are rather 
antiquated By + Bg locomotives. Similarly, a Cy + Co arti- 
culated locomotive on the same system does the surprising 
mileage of between 110000 and 160000 miles between tyre 
turning on account of flange wear. The same locomotive, on 
track which is predominantly straight, has in many cases covered 
250 000 miles between tyre turnings. In these conditions, effective 
use can be made of electric locomotives, but with turning every 
35 000-40 000 miles one of the main advantages of electrification 
is lost. The Cy-Cy locomotive must be worse from the point 
of view of wheel flange wear than the By + Bo, because it is not 
articulated, but it would appear that the benefits of articulation 
are not being obtained on the Manchester-Sheffield locomotives. 

I believe that initially the design provided for an articulated 
joint with side spring-loaded movement, but the spring-loaded 
movement was found unnecessary and has not been used, the 
side movement having been packed solid. I think it will be 
found in time that the reason for these low mileages between 
tyre turnings is entirely due to the very flexible form of the bogie 
structure which flexes easily and therefore makes ineffective the 
inherent mutual guiding between the bogies on curves which is 
such an important feature of the articulated construction. If 
that structure were suitably stiffened (it could be done with one 
locomotive as an experiment if desired) I am sure there were be no 
difficulty in getting 80 000-100 000 miles between tyre turnings. 

Mr. E. S. Cox: Figs. 10 and 16 show characteristic curves from 
which test-bed current consumption can be deduced. But this, 
I feel, is still a long way from the consumption values of those 
locomotives for which traction engineers everywhere have been 
waiting for a long time. What they would like to have is really 
very simple and consists of, first, a draw-bar-pull/speed curve, 
secondly the tracing on that curve of lines or contours of rate 
of current consumption appropriate to the different rates of 
doing work, and finally, the cost of current as supplied to the 
locomotive. 
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Values of that kind have appeared in test reports published) 
recently for steam and Diesel locomotives. If such guidance) 
could be given for actual electric locomotives, such as are now) 
running on the Manchester-Sheffield line, it would be very 
helpful for dealing with the vast subject of economic motive: 
power, and would help to avoid those rather unsatisfactory | 
calculations and deductions we have had too long with us, based } 
purely on thermal efficiencies. | 

I should like to follow Mr. Whyman in referring again to tyre. 
wear on these locomotives. It puzzles me a little to know that 
the tyre-turning mileage is so low, especially bearing in mind the | 
use of regenerative braking and the relief to wear of the tyre | 
surfaces by braking blocks which should result therefrom. In) 
this respect I assume it is just possible that this low mileage may _ 
be due to tread wear rather than flange wear. It would be 
interesting to learn whether this is connected in some way with | 
the rather unsatisfactory adhesion conditions, and what the | 
authors consider would be the best way to tackle this obvious | 
problem. f 

Finaliy, in Section 10 reference is made to the very desirable | 
ultimate aim, namely that all passenger traffic on electrified lines | 
should be run by multiple-unit trains, leaving freight to be | 
handled by locomotives specifically designed for that duty and 
not troubled with the complications of the steam boiler. 1 
think the authors would agree that experience on the Man- 


chester—Sheffield line points to that condition being only a final | 
one, when the bulk of the lines in the country have already been | 


electrified. For many years to come, where trains have to be 


picked up by electric locomotives and taken over from other 


forms of traction, the mixed-traffic locomotive and the boiler | 


must be with us. 

Mr. F. H. Beasant: First, in connection with the mechanical 
parts, there is the question of the fundamental change in design 
between the By + Bo articulated locomotive and the Cy-Cy 
which is not articulated. This is of great interest. To be a 
little more specific about it, I should like to ask the authors if 
they could give any relative adhesion performances for the two 
locomotives under weight transfer conditions. 


Referring to the By + Bp locomotives, I well remember that a 


great deal of consideration was given to the various mechanical 
and electrical methods of weight transfer compensation, and 
finally the electrical method of field shunting was adopted. I 
should like to ask whether this has turned out generally satis- 
factory in performance. 

My next point relates to the difficulty of synchronizing move- 
ment in series and parallel working between the front and rear 
locomotives when working up a grade. Mr. Swift touched on 
this point. I was somewhat surprised to hear it was apparently 
impossible or impracticable to deal with this by some form of 
radio signalling between the two locomotives. Surely in these 
enlightened days of electronics some easy and practical system 
could be devised. 

I seem to remember that in the original design no provision at 
all was made for air filtration. The desirability of having clean 
air arises from two main causes. First of all, we want to keep 
the traction-motor cooling ducts clean to avoid any reduction in 
their rating in service, and secondly we want to keep clean the 
commutators in the motors and the high-voltage control equip- 
ment in the high-voltage compartments. I have always felt that 
with force-ventilated motors, without filtration, the relatively high 
velocity of the air stream would carry the dirt through the 
machine ventilating ducts. It would be interesting to know 
whether this has been found to be the case, since the filters in- 
the locomotives have been reduced or eliminated. In other 
words do the traction motor core ducts become badly clogged 
in service ? 

I was a little surprised to see that the total tare weight of the 
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motor coach is no less than 52 tons, and suggest that there is a 
good deal of scope for reducing that weight in future design 
trends. 

Incidentally, there seems to be some mistake in the figures here 
or else in the figures in Mr. Swift’s paper.* I took the trouble 
to compare the mechanical and electrical tare weights of the 
Shenfield stock with those of the Manchester-Glossop stock. 
The figures in the two papers would seem to indicate that the 
electric equipment weight is six tons heavier on the Glossop 
stock. I cannot believe that this is the case. 

; May I conclude with a general comment along much the same 
lines as Mr. Cock’s. I have been working out the figures in a 
somewhat different way. The two electrification schemes which 
have been completed since the war represent a route mileage of 
only half of one per cent of the total route mileage of British 
Railways. This again emphasizes the development in resources 
which must be brought about when large-scale electrification 
commences. 

Mr. H. N. Cox: I think most engineers concerned with trans- 
mission and distribution networks would agree with the idea, 
expressed in Section 10, that if, in any future railway electrifica- 
tion scheme, 33kV cables have to be used, they should no longer 
be solid cables, such as were appropriate at the time the Man- 
chester-Sheffield scheme was engineered; but there may be 
some surprise at oil-filled cable having been selected for special 
mention. I would ask whether oil-filled cable has been named 
for some specific reason or whether the modern gas-pressure type 
of cable should also have been mentioned? 

Mr. H. Elder: The reaction of a visiting New Zealander to this 
paper is one of envy; the Manchester-Sheffield—Wath section is 
steep by main-line standards here, but similar gradients are found 
in New Zealand within 25 miles from the capital city, on the 
North Island main trunk line, and the two electrified systems are 
in many ways comparable. Of necessity, the paper deals very 
briefly with a number of problems, all of which invite further 
discussion. 

The solid overhead construction, and particularly the mech- 
anical independence of the overhead wires for each track, are well 
brought out in the paper. The risk of supply failure is also 
minimized by the use of a number of interconnected supply 
points, a more reliable system than the use of parallel feeders. 

The duty cycle for rating rectifiers is interesting, but time-table 
variations over several years will materially alter the shape of the 
oad curve. Is any advantage claimed for this method of rating 
over the British Standard method of specifying ratings for con- 
inuous loading, 1h, 5min, etc.? For the summation of load 
seaks the New Zealand Railways have begun to consider statistical 
nethods, which may be just as accurate in the long run as a 
letailed time-table analysis. 

I should like to know whether any trouble has been experienced 
vith switching surges or other transient voltages. 

The use of a negative earthing contactor is claiming our 
ittention. The permanently-connected negative has the advan- 
ages of a solidly-earthed neutral in a.c. systems, and the con- 
actor gives a measure of earth-leakage protection. 

The use of power-operated isolators on the a.c. supply is 
nteresting. Has their use on the d.c. side been considered ? 

The practice of controlling all circuit-breakers by supervisory 
ontrol is well justified in New Zealand experience. 

An alternative to the elimination of the auxiliary catenary 
roposed in the paper would be to increase substation spacing. 
Yoes the elimination of the auxiliary catenary cause any panto- 
raph instability at high speeds? Trouble of this nature has 
aused the New Zealand Railways to lock down the front panto- 
raph on each locomotive. 

Pollution due to steam running is a serious problem; to combat 


* Proceedings I.E.E., Paper No. 972, March, 1950 (97, Part IA, p. 42). 


corrosion the New Zealand Railways use a 10in disc insulator 
with a long leakage path and large-diameter pin. Brass fittings 
have corroded badly in tunnels with steam working. 

On the 45-min Wellington—Paekakariki run, locomotive 
boilers are not used, and passenger trains are pre-heated in 
Wellington Yard. 

The paper recommends that 33kV cables should be either 
buried or continuously supported. Would this recommendation 
apply also to 11kV cables? The New Zealand Railways have 
gone to these methods to lessen the possibility of the lead sheath 
cracking when the cables are disturbed after they have taken a 
permanent set. 

The paper also recommends that d.c. switchgear should in 
future be battery operated. Is this to keep high voltages clear 
of the control circuits, or is it due to the difficulty in feeding the 
closing coil of an open high-speed breaker when either side of it 
may be de-energized ? 

Mr. P. Bingley: The load cycle in Section 4.3.4 seems a costly 
way of proving that the equipment will perform a hypothetical 
duty, when it is borne in mind that it is the rectifier which is 
sensitive to the peak loads. The heating time-constant of the 
cylinders or bulbs is relatively short, so that loads lasting any 
appreciable time must be treated as continuous for rating 
purposes. On the other hand, the design of the transformer is 
influenced mainly by the long-duration loads, and here the 
designer can accurately predict the heating effect of such a duty 
cycle on rating. 

I believe that an equal result could have been achieved by 
simply specifying a B.S. 1698 Class III rating with the addition 
of four times the rated load for 20sec. 

Further, it appears from Section 4.3.2 that overload protection 
is by instantaneous trips only. This means that the settings can 
either be low, in which case the elaborate duty-cycle cannot be 
met, or set above the highest peak (four times full load), leaving 
the equipment virtually unprotected. 

Some time ago, when faced with a similar difficulty, I devised 
a low-cost relay* which would have a preset characteristic to 
match the rectifier rating. 

If we are to reap the benefits of economical transformer design, 
improved protection is worth pursuing. Can the authors say 
what steps are being taken in this direction? 

With regard to the filters mentioned in Section 4.3.4, it would 
be interesting to know whether these have proved adequate. 
Has the effect of cutting out the various tuned shunts been tried ? 

I believe the circuit-breakers (Section 4.3.5) are of the mag- 
netically-held type. With such circuit-breakers, the calibration 
settings alter with variations in polarizing voltage and cleanliness 
of the (magnetic) pole faces. Has the dirt which caused diffi- 
culties elsewhere (Section 8.3) proved troublesome in this respect ? 
Also, have any conclusions been reached as to the relative advan- 
tages of magnetically-held and latched circuit-breakers when 
installed in different (electrical) situations? It appears that the 
variation in calibration with polarizing voltage is sometimes, but 
not always, advantageous. 

I do not understand why, in Section 13.1.4, the efficiencies of 
rectifiers and transformers are shown separately. The reference 
to 50°C is also intriguing. Is it the temperature of a particular 
part of the cylinders, and, if so, what is the significance of the 
choice? 

As the equipment can only operate as a whole, it would surely 
be more informative to give only the combined efficiencies and to 
state additionally the significant individual losses at a reference 
ambient temperature which is met under normal conditions. 


[The authors’ reply to the above discussion will be found on 
page 185.] 
* British Patent No. 679422, 1952. 
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Mr. A. H. Emerson: During the discussion at London, 
reference was made by several speakers to the low rate of progress 
of electrification in this country; they tried to create the impres- 
sion that the construction work on the Manchester—Sheffield— 
Wath electrification was carried out at an exceptionally low 
rate. I think it should be pointed out that at least 80% of the 
construction work and commissioning of this scheme has been 
carried out since December, 1949, which, if worked out in the 
form of annual mileage, shows quite a reasonable figure, bearing 
in mind the difficult route which had to be followed. 

Also, it must be pointed out that at least 75% of the work 
has had to be carried out on Sundays, as possession of the track 
for the erection of steelwork and wiring could only be obtained 
at weekends. 

On electrification schemes abroad, undoubtedly much more 
latitude has been given to constructors of overhead equipment in 
the way of possessions, and probably on future schemes in this 
country the matter will receive more consideration with a view 
to speeding up the rate of progress. 

Referring to the costs quoted in the*paper, it would be inter- 
esting to have these broken down into some detail, in order that 
erroneous impressions might be avoided. For example: the 
costs of mechanical engineering work should be indicated: the 
mechanical part costs on locomotives, the cost of mechanical 
parts on multiple-unit trains, also the costs of the ancillary 
equipment purchased, such as water columns, etc. 

A similar explanation of the civil engineering costs would also 
be of interest, particularly in view of the many hundreds of 
obstructions, such as drains, signal wires, etc., which had to be 
moved to erect the overhead-line equipment. 

In the paper reference is made to the training of motormen. 
This was one of the biggest tasks to be undertaken by the E.T.E. 
Department, and so far a total of 618 men have been trained 
as motormen, assistant motormen or other grades on multiple- 
unit trains. These figures, broken down, are as follows: 


Motormen 270 
Assistant motormen P 311 
Other grades .. ae a we 37 


There are still men to be trained before the programme is com- 
pleted, and it is anticipated that there will be somewhere 
between 20 and 25 new entrants to be trained annually, as retire- 
ments take place. 

I should like to draw attention to the high cost of painting 
overhead-line structures once the overhead equipment has been 
commissioned and energized on a main-line route such as that 
between Manchester and Sheffield. The painting of structures 
can only take place on the booms under isolation procedure, and 
it is not an easy matter to arrange for these isolations without 
seriously affecting traffic. 

I should like to ask the authors if they anticipate new 
materials being employed on future electrifications to avoid the 
necessity to paint structures made of steel; e.g. prestressed- 
concrete structures have possibilities, if of a simple design. 
Possibly metal spraying or a high standard of galvanizing might 
avoid painting under maintenance conditions. 

Reference is made also to pantograph lubrication. I should 
like to correct the impression given in the paper that grease is 
being used. The material being used on the Manchester-— 
Sheffield—Wath system is wax graphite. 

Much requires to be done by way of investigation in the future, 
regarding suitable materials for lubrication between the pan 
and the conductor of the overhead equipment. Good lubrica- 
tion is required, which does not affect current-collecting properties 


of the pantograph, and at the same time consideration has to be 
given to the most suitable upward pressure of the pantograph. 

On the Manchester-Sheffield-Wath scheme, the results witl 
wax graphite lubrication are most promising, but compariso 
with other electrification schemes should be avoided in view o 
the duties the pantographs on this system have to perform 
They have to work on overhead equipment which is subject te 
smoke blast from steam locomotives and often run over wires 1 
sidings which are little used. This has a detrimental effect o 
strip wear. The wax-graphite lubrication is avoiding muck 
arcing on bad wire, and the average mileage per pound of coppe! 
worn from the strips is higher than that on any other electrificatior 
scheme I know of at the present time. 

The authors have made it clear that they hope to draw muc 
discussion from their comments on future design trends. On 
could make a number of observations on the suggestions for th 
future, but I should like particularly to refer to bonding, whic 
is not mentioned. I would ask the authors’ opinion concernin 
the use of welding for bonding. It is admitted that to weld 
bond to the rail undoubtedly gives the best result from a 
electrical-conductivity point of view, and probably it is a ve 
sound job. Nevertheless, this method of attaching a bond t 
a rail brings into use a highly skilled man with his mate ané 
lookout man, i.e. three men to weld the bond. This is ve 
expensive. When bonding is installed on a new electrified line 
no doubt this method is reasonably economical, but unde 
maintenance conditions, when bonds become detached 1 
isolated places, it is costly to have to send a welder and his team. 
with all their heavy equipment, etc., to attach odd bonds to rails. 
The pressed-in type of bond originally employed did not entai 
a skilled man being employed, or require so much apparatus, 
and it would allow the bonding to be maintained by one depart- 
ment only. I feel that the use of the pressed-in bond should be 
reconsidered with a view to obtaining simplification, and avoiding 
divided responsibility, at a cost of some technical perfection. 

I should like to ask the authors’ opinion of the suggestion 
made to use a continuous earth-wire between structures, to avoid 
the use of structure-to-rail bonds. This method had been 
employed on short distances in difficult places on the Manchester- 
Sheffield-Wath scheme, and undoubtedly it saved much expense 
in installing individual structure-to-rail bonds in such locations 
and [ think it might be adopted in many other places for longe 
runs to avoid welding bonds to the rail. | 

In Woodhead Tunnel a separate earth-wire was run as indi- 
cated in Fig. 7. This earth-wire was attached to the rails at 
approximately every quarter of a mile, which is quite adequate. 
Admittedly, it might result in slight strengthening of structures, 
but it ensures that this bonding, which is so vital in the protection 
system of the overhead-line equipment, is out of the way of any 
danger of breaking it from the rail or from the structure, and at 
the same time, once this is installed, it does not require to be 
touched for many years. So many loose welds or attachments 
to rails are avoided by this procedure. 

Reference is made in the paper to the systematic method of 
maintenance of electric locomotives which has been adopted. 
I should like to add that a similar procedure has been developed 
for the substation equipment maintenance. The overhead-line 
equipment is patrolled in the same way as the track is patrolled 
by the permanent-way gang, and documentation for recording 
that this has been correctly done and that everything is in order 
is being developed. 

The Manchester-Sheffield—Wath electrification is the first 
main-line electrification in this country where both passenger and 
freight trains are being hauled by electric locomotives, and 
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undoubtedly new technique for both maintenance and operation 
of the line will have to be developed over the years. The 
overhead-line equipment on the main-line portion of this scheme 
has to be energized seven days per week, and a great deal of 
planning is necessary in arranging for isolations and possessions 
of the track, to allow maintenance to be carried out on the 
overhead-line equipment or the track. For this reason, weekly 
possessions meetings with the operating department are very 
necessary; at these meetings the operating department make 


sure that all departments—i.e. permanent-way, signal and track — 


sngineers, etc., carry out their requirements in the section 
isolated electrically, to avoid unnecessary shut-down of sections 
of the line. 

Mr. J. R. Pugh: In this paper the authors have referred to the 
dirty condition of the atmosphere and poor ventilation of the 
tunnels where these have affected air filtration on rolling stock. 
Mention might also have usefully been made of the corrosive 
sffects of such atmospheric pollution on the overhead equipment, 
in particular at locations with low headroom, such as tunnels, 
where the situation is aggravated by the hot blast from passing 
steam locomotives. 

During the post-war years a series of tests have been con- 
ducted to determine the resistance to corrosion of various metals 
and alloys, including aluminium, gunmetal, bronze and copper. 
In the same period, different paint treatments were applied to 
steel test-panels and exposed to the arduous conditions then 
sxisting in the Woodhead and Oxspring Tunnels. Previously, 
an atmospheric-corrosion survey of the line had been undertaken 
oy means of the examination of rain water samples and measure- 
nents of the corrosion of mild steel. Resulting from these many 
»bservations, a specific paint treatment has been adopted for the 
srotection of steels in the Oxspring Tunnel, where steam traffic 
nay be expected to continue for some time. At other “black 
spot” locations, non-ferrous fittings have been preferred to steel 
ittings, and the paper suggests that this practice is to continue 
yn future schemes. 

Further use was made of the last months of steam operation 
hrough the Woodhead Tunnel to carry out flashover and 
esistance tests on many insulators of both orthodox and novel 
jesign. The insulators, supported on brackets from the tunnel 
vall, were not continuously energized; nevertheless a very 
nteresting comparison could be drawn between the performance 
of insulators of similar rating but different design, and an indi- 
ation was given of the probable value of suitable insulator cowls 
or future installations within tunnels subject to steam operation. 

In Section 10 the authors state that future practice on British 
Railways will be to adopt registration from span wires. I 
magine that for routes comprising four or more tracks a measure 
f mechanical independence will be retained between, for 
xample, the main and goods lines. Perhaps we could be given 
ome information on this point. 

I believe others have spoken of the slow progress of railway 
lectrification in this country since the authorization of the 
Aanchester—Sheffield—Wath scheme in 1936, but looking rather 
o the future, there is little doubt that a settled programme for 
he large-scale electrification of main and suburban lines would 
nable British manufacturers to undertake the conversion to 
lectric operation of up to 400 track miles per annum, i.e. a total 
f some 10000 track miles in 25 years. The benefits of such 
yng-term planning would be reflected in the economies to be 
btained from the smooth expansion of industry, maximum 
‘randardization of designs and the fullest possible use of men 
killed in this specialized field. 

Mr. F. Whyman: I should like to make one or two remarks 
ealing with the subject of the electric locomotives. I have 
een rather surprised to see from the paper that it is intended to 
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operate 850-ton trains up 1 in 40 gradients with two locomotives 
and up | in 100 gradients with one locomotive, but as I under- 
stand that this is a controversial subject you will not expect me 
to deal with it here. 

I was recently looking up some old calculations dated 1937 
which reminded me of the lengths to which we went at that time 
in our endeavours to make the 4-axle locomotive capable of 
dealing effectively with 700-ton trains on 1 in 100 gradients under 
the inferior adhesion conditions known to occur frequently on 
this system. After considering all the different ways of improving 
adhesion it was finally concluded that the use of a suitable 
mechanical design coupled with electrical weight transfer cor- 
rection should make it possible to start and haul the 700-ton 
trains up the 1 in 100 gradient with the occasional use of sand 
under the more difficult adhesion conditions. 

So far as I know the only change from the intentions of those 
days is that modifications to the proposed mechanical design 
resulted in adhesion conditions inferior to those anticipated with 
the different mechanical design at that time. Under dry con- 
ditions it was realized that there would be no difficulty in starting 
and running trains of greater weights than 700 tons, but it was 
appreciated that a heavy service can only effectively be operated 
under conditions where all trains can start and run under all 
conditions of adhesion and weather. 

Again, I find that in many of the Tables in the paper, infor- 
mation is given on the tractive effort and current ratings of the 
Bo + Bo locomotives and the Cy-Cy locomotives which gives a 
very inferior indication of the performance of the By + Bo 
locomotives. On looking up the records I find that this is due 
to the ratings for the By + Bg locomotives being based on the 
traction motor British Standard No. 173: 1928, whilst the 
comparable figures for the Cy-Cy locomotive are based on the 
same specification modified in 1941 when the temperature rise 
for the continuous rating was increased from 105°C to 120°C 
for the armature windings, and to 130°C for the field windings. 

As the construction of both types of motor is generally of the 
same insulation level and degree of excellence, I think it would 
be more helpful if the authors corrected their figures for the 
Bo + Bp locomotives to the 1941 basis. 

During the formative stages of design of the Bp + Bo loco- 
motives for this electrification, the question of using this type of 
locomotive for both freight and passenger service was discussed 
at great length, the question being whether a mixed traffic 
locomotive was the right solution. The conclusion then was 
that it was the right solution and it is interesting to see how this 
has worked out. 

Considerable sacrifices have had to be made in the construction 
of the traction motor to make it of sufficiently wide field range 
to be a mixed-traffic locomotive, and if we compare the By + Bo 
and the Cy-Cy locomotive motors, it will be found that they 
are of substantially equal performance, bearing in mind their 
different maximum road speeds, but that the By + By motor 
weighs 4-75 tons, whereas the Cy—Cy motor weights only 3 tons. 
The latter is the more normal motor, having a modest and normal 
degree of field weakening, as the three motor combinations of this 
locomotive do not demand artificially large motor field range in 
that most of the 1-75 tons difference between these two motors 
is accounted for by the need to have a very large field range with 
the By + By locomotive having only the half- and full-speed 
combinations possible with this type of 4-motor locomotive. 

In retrospect, the conclusion is, I think, that in spite of these 
very heavy motors, the mixed-traffic locomotive was the right 
solution for the Manchester-Sheffield electrification with its 
heavy grades and modest maximum passenger train speeds, but 
I think it must be easily recognized that its virtues are peculiar 
to this particular system, and that when electrification is con- 
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sidered for the more easily graded lines where higher passenger 
speeds are used, there will be no alternative to the Cy—Cp type of 
locomotive. 

Turning to the authors’ notes on future design trends, I would 
say that whilst not having the support of all my colleagues on 
this point, I do feel that there is considerable virtue in simplifying 
the design of locomotives to have a single control cab, but this is 
only reasonably possible with locomotives not arranged for 
multiple-unit operation, and I would suggest to the authors that 
the central cab is inconsistent with multiple-unit operation, 
because ready access from one unit to another in service through 
central cab doorways is essential. 

Use of vernier notching is extremely desirable; | would prefer 
to see it in the form where it is not normally used, but is available 
for use whenever adhesion conditions are found to be low. 

The suggestion to use double-reduction gears could not, I 
think, give any economy in designs of this nature,as the maximum 
rotational speeds of the traction motors are readily used with 
single-reduction gearing where road speeds in excess of 40m.p.h. 
are contemplated, and the motors could not therefore be made 
smaller and only the additional complexity of double-reduction 
gears would be obtained. 

Mr. W. T. Gray: Although an exponent of electrification I 
realize that it is not in the best interests to overcall a hand. 
One gets the impression that the originators of this scheme have 
done so in one respect at feast, and that is the electrification of 
marshalling yards. The authors mention that a large percentage 
of the cost of overhead construction is absorbed in equipping 
these yards, and from a casual glance | can well imagine it. I 
should like the authors to express an opinion as to whether it 
would not be better in future to confine electrification to the main 
lines and to utilize Diesel-electric locomotives for shunting and 
marshalling services. 

The use of a central cab should be approached with caution. 
The existing layout is the result of many years’ experience. The 
whole of the h.v. eqipment is enclosed in a compartment which 
is fully interlocked and is accessible through a single door. 
Owing to the transverse arrangement, any part of the equipment 
back or front is immediately accessible once this door is open. 
The resistors are segregated from the switchgear, the switch com- 
partment being itself pressurized by filtered air. The cables 
and connections are well spaced apart and follow the natural 
direct line from switch frames to resistors and motors. The 
switch and resistor frames are built as units so that for erection 
or overhaul they can be removed and dealt with as sub-assemblies. 
There is a great deal to commend such a layout for d.c. main-line 
locomotives. Central-cab locomotives are not new and the 
arrangement, while essential for shunting puiposes, cramps the 
layout, cuts down accessibility and increases maintenance costs 
and the likelihood of trouble, particularly with a complex 
equipment. 

I was interested in the authors’ statement that they had found 
it necessary to have two pantographs raised to cope with the 
boiler load when stationary. I should have thought that a single 
pantograph would have collected the full load current of 240amp 
easily without trouble. 

Mr. A. B. Washington: The electrification stretching over so 
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many years as it has done, it is not surprising that traffic requires 
ments have changed, necessitating reconsideration of many 
aspects in design and mode of operation; neither is it surprising 
that British Railways, together with the various contractors, hav 
been able to meet such changed requirements, even after much 
equipment had been manufactured. 

Without comment, for the paper is largely factual, I pass t 
the Section on future design trends of locomotives. I an 
surprised at some of the design features being considered b 
British Railways—for instance, a centre cab, and vertica} 
auxiliary machines. The larger of these machines would hay 
to be accommodated in the driver’s cab for reasons of height 
I can picture the driver, in such a cab, endeavouring to | | 
himself audible to his assistant. 

My next point can be classified under the same heading, bu 
concerns an aspect which I have failed to discover in the paper 
namely single- or two-man operation. Two-man operation is 
being worked on all locomotives at present. 

For the actual driving, only one man is required, but variou 
ancillary duties require to be carried out, and although thes 
duties do not include firing a boiler, a second man is useful ir 
sighting signals from the off-side of the cab, etc. 

However, these locomotives are fitted for single-man operation 
and this has necessitated—for reasons of safety—a miultiplicit 
of extra equipment, both electrical and air and vacuum extras, 
with inshot valves, timing reservoirs, etc., all arranged to} 
give automatic response to safety in case of the driver bein 
incapacitated. The total extra weight and cost due to single-mani 
operation must be quite appreciable—more than many migh 
realize. 

Now, single-man operation was considered a likely practical 
outcome when the locomotives were first designed, and hen 
the inclusion of this feature, but is it warranted for future 
designs ? | 

If not, then much simplification could be achieved. | 

Mr. M. Marshall: From Fig. 3 it appears that the 33kV. 
systems of the North Western Electricity Board and the York- 
shire Electricity Board could be coupled through the 0-1 in? 
and 0-15in? 33kV feeders of British Railways. I should be 
interested to know what system is in operation to prevent 
this. 

With the experience gained since 1941 with the first By + By 
locomotive “Tommy” on the Manchester—Altrincham line and 
in the Netherlands, has any notable alteration been found 
necessary or desirable, and is this locomotive still in action with 
the other locomotives ? 

The use of rheostatic braking has been tried with success, 
according to the authors, on one locomotive. Has serious 
thought been given to the use of magnetic track brakes on any 
of this rolling stock for emergency stops? 

Could the authors explain the reason for the two voltmeters 
in series in the locomotive power diagram (Figs. 13 and 18)? 

Has any consideration been given to the important question 
of telecommunications between the drivers and signal staff, 
using the 1500-volt contact wire and blocking condensers ? 


Has track corrugation been encountered since sections have 
been electrified ? 


[The authors’ reply to the above discussions will be found on the next page. ] 
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THE AUTHORS’ REPLY TO THE ABOVE DISCUSSIONS 


Messrs. J. A. Broughall and K. J. Cook (in reply): For con- 
venience, we are arranging our replies to correspond to the 


Sections of the paper in preference to replying seriatim to each 
contributor. 


Electrification Schemes. 


Messrs. Cock, Crompton, Beasant, Emerson and Pugh refer 
to the length of time it has taken to complete the work; taking 
into account the aspects mentioned by Mr. Emerson, we do not 
find it possible to add to the explanation given in the paper. 

The publication since the paper was written of the British 
Transport Commission’s proposals for the modernization and 
re-equipment of British Railways, announcing large-scale plans 
of main-line and suburban electrification during the next 15 years, 
is perhaps the most welcome answer to the view that further 
electrification is long overdue and can and should be undertaken 
as quickly as possible. 

We hope in our reply to later discussions to give fuller parti- 
culars of improvements in train timings and of current demand 
on its completion, and we hope also to be able to extend the 
encouraging particulars which Mr. Bird contributed to the 
discussion of the improvements in train performance. 

In answer to Mr. Swift, the traffic-density figure is the present- 
day value and, as Mr. Bird mentions, does not differ materially 
from the initial figure, although it is differently expressed and 
there has been some shift in the flow of traffic. 


Power Supply. 


In answer to Mr. Marshall, locks are provided to prevent 
maloperation of the facilities for using alternative sources of 
power supply. 


Transmission System. 


In answer to Mr. Elder, the recommendation to bury or to 
support cables continuously would be equally applicable to 
11kV cables. 

In answer to Mr. Cox, oil-filled cables were mentioned because 
of satisfactory experience with them in railway service, but it is 
expected that gas-pressure-type cables will also be suitable, 
although for the same cross-sectional area this class of cable 
has a slightly lower current-carrying capacity. 


Substations and Track-Sectioning Cabins. 


In answer to Messrs. Elder and Bingley, the advantage of 
stipulating a load cycle is that the alternations of light and 
heavy load can be arranged to conform at least generally to the 
service duty. 

The relay Mr. Bingley mentions seems to have very interesting 
characteristics, although it must be admitted that simple overload 
protection has in fact given good service. 

The filters have proved adequate. 


Direct-Current Switchgear. 

Conflicting views are held about the relative merits of latched 
and electrically-held circuit-breakers. Both have given excellent 
results in railway service, and the choice between them is of some 
difficulty. The advantages of arranging d.c. switchgear for 
battery operation are those mentioned by Mr. Elder, and the 
objection is additional cost. No economic use has been found 
for power-operated isolators on the d.c. side. 

No trouble has been experienced with switching surges or 
transient voltages. Dirt troubles have not been experienced. 

In answer to Mr. Swift, the resistance contactors in the sub- 


stations have been operating over 100 times per week, mostly 
at the weekend. Modifications are being considered to reduce 
this figure. 


Overhead Equipment. 


Mr. Cock’s warning on increased span lengths is appreciated, 
and only a modest increase is considered possible. 

In answer to Mr. Swift, the use of fibre-glass registration arms 
is in the experimental stage, but it is hoped that the normal 
insulator will be eliminated. 

In answer to Mr. Elder, compound-catenary construction is 
generally considered to give better results than the simple- 
catenary type for high-speed running. 

In answer to Mr. Emerson, galvanizing and metal spraying 
are now being used to reduce the necessity for painting, but 
the prospects of prestressed concrete proving economically 
successful seem to be remote. 

In answer to Mr. Pugh, mechanical independence is more 
expensive than span-wire construction and it will be used where 
warranted in special circumstances; unfortunately it is often 
impracticable where it would be of greatest service. 

In answer to Mr. Gray, we think that Diesel-electric shunters 
should be used in future electrification schemes to the greatest 
possible extent to minimize the amount of wiring in marshalling 
yards. 


Bonding. 


In answer to Mr. Swift, the signalling arrangements are such 
that it has been possible to use the structure-to-rail bond method 
in most cases. 

In answer to Mr. Emerson, each method of bonding has its 
particular application and is dictated to a large extent by sig- 
nalling requirements as well as site conditions and relative costs. 
The short welded-copper bond is more economical overall than 
the pressed-in type, particularly with the present cost of copper. 


Rolling Stock. 


In reply to Messrs. Cock and Whyman, the articulated bogie 
construction of the By + By locomotive was chosen to suit the 
extremely heavy loads at low speed, when it is not detrimental 
to the track. 

The riding of the Cy—Cy locomotive, with six-wheel bogies, is 
naturally better at high speeds than the By + By. Nevertheless, 
the latter has considerable benefit in cost of construction and 
satisfactorily takes turn and turn about with the Cy—Cy engine on 
this line. There is certainly opinion both for and against arti- 
culation in various parts of the world. 

In reply to Messrs. Cox and Whyman, the mileage between 
tyre turnings has, of course, referred primarily to the operation 
of Stage 1, which was a short haul of only 18 miles over the most 
congested portion of the line with much starting, stopping and 
heavy braking. Both tread wear and flange wear occurred, but 
the latter becomes the limiting factor. Speakers have made 
comparison with freight-train operation in other parts of the 
world where rolling stock is fitted with continuous brakes and 
thereby the brake wear is spread over the wagon tyres as well 
as those of the locomotives; with unbraked stock, all the braking 
effects are taken by the locomotive. 

Although the handling of loose-coupled trains is being carried 
out satisfactorily without regeneration being available below 
16m.p.h., it would certainly be advantageous to have regeneration 
available to a lower speed. 

Owing presumably to the effects of steam traffic and perhaps 
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to bad atmospheric conditions, neither lac nor special greases 
are capable of giving strip lives of 40 000 miles in this country; 
we have found that we get better all-round result with the special 
graphite grease or wax. 

The standard quantity of steam per passenger coach for main- 
line trains to-day is 100Ib/hour; and the maximum train is 11 
coaches on this electrification. 

In reply to Mr. Crompton, the mean pantograph pressure is 
171b at 16ft wire height. 

In reply to Mr. Swift, experience on the latest S.N.C.F. 
Jocomotives shows that no difficulty need be feared of a central 
cab being noisy, and with suitable covers for the ends excellent 
accessibility can be attained. The comments of Mr. Whyman 
and Mr. Washington on this subject are appreciated. Single- 
man operation does introduce some complications. 

In reply to Mr. Beasant, full particulars of tests to determine 
the adhesion characteristics will be given in a forthcoming 
paper by Dr. H. I. Andrews. 

Weight-transfer compensation by field shunting has been 
used for the By + By locomotive and found satisfactory. 

Regarding air filtration, during the experimental period some 
filters were removed for a time, but it became evident that some 
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degree of filtration was necessary and the degtee at present in 
use appears to meet the needs satisfactorily. 

The weight of the electrical equipment of the motor coach 
stated in the paper is correct. 

In reply to Mr. Whyman, the By + By locomotive has shown 
that it can start and haul trains of 750 tons up 1% gradient. 

It is true that the By + Bg locomotive motors were designed 
to B.S. 173:1928, while the Cy-Cy motors ordered later were 
based on the 1941 revision of B.S. 173. 

In reply to Mr. Marshall, the veteran locomotive “Tommy” 
is being modified to line up where essential with the rest, which 
incorporate results of experience in Holland. 

If an additional brake were considered necessary for emergency 
stops, rheostatic rather than magnetic track braking would be 
preferred. 

Each cab has a voltmeter, and it is convenient to connect these 
electrically in series. 

A system as suggested by Mr. Marshall is under trial for 
communication between drivers of locomotives on the same 
train. 

We are not aware of any track corrugations over sections 
that have been electrified. 


€ 
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SUMMARY 


The paper is a review of the maintenance practices mainly developed 
by London Transport for 600-volt direct-current railway traction 
motors. The paper describes the procedures adopted to improve 
reliability and the methods used to carry out heavy repairs after 
failures have occurred. 


(1) INTRODUCTION 


The first permanent electric railway in England was that 
opened by Magnus Volk on the sea front at Brighton in 1883; 
thus electric traction has not yet reached a century of service to 
the travelling public. 

The first motors used on electric vehicles were open to the 
weather, commutation being effected by means of brushes made 
of copper gauze. This method was not very satisfactory, and it 
is doubtful if the d.c. motor would have been a success if the 
carbon brush had not been introduced about 1888. 

In 1890 the first deep-level tube railway in the world—the 
City and South London Railway—was opened to electric traction, 
and it must have taken considerable courage on the part of those 
responsible to change to the use of electric locomotives from the 
originally-proposed cable drive. 

The armatures of the traction motors for the first locomotives 
on this railway were built on the axle, thus providing a gearless 
drive. 

It became evident very early in the history of electric traction 
that the open-type motor was unsuitable, and an enclosed 
machine, with spur gearing, was developed. The early motors 
of this type had four poles, two being wound and two being 
consequent; the motor frame itself was split, the two halves being 
in some types bolted together, while other types had a hinge on 
one side. Until comparatively recently many tramcars in this 
country were still propelled by motors of this type. 

Commutating poles were introduced during the first decade of 
this century, and also ventilating fans, which allowed the capacities 
of the traction motors to be increased without increasing their size. 

Improvements in the insulation techniques reduced the neces- 
sity for frequent armature changing; consequently box-frame 
designs superseded the split-frame types. 

White-metal bearings were invariably fitted to traction motors 
until the introduction of ball and roller bearings in the second 
decade of the century provided a further means of improving 
their reliability. 

In this country, when the term “‘traction motor’ is used, it 
means almost invariably a d.c. machine. That it is a reliable 
and trustworthy machine is evidenced the world over by its 
universal use on Diesel-electric locomotives and by the continued 
search for a reliable conversion locomotive, so that alternating 
current may be collected at the contact wire but d.c. traction 
motors can be used to propel the vehicle. 

It is common practice to mount a traction motor on the bogie 
of a motor-coach or locomotive so that a proportion of its 
weight is carried in suspension bearings by the driven axle, and 

-the remainder of the weight by a seating on the bogie frame, on 
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which a “nose” projecting from the motor case bears. The 
motor is therefore referred to, alternatively, as nose-suspended or 
axle-hung. To support the whole motor on the bogie frame is 
an attractive alternative, and several systems, including some in 
which the motor is mounted longitudinally and drives the axle 
through bevel or hypoid gears, have been developed. The 
arrangement involving longitudinal mounting is confined as yet 
to the lighter classes of vehicle. 

The paper confines itself to dealing with the general case of 
conditions appertaining to the d.c. axle-hung traction motor 
and has particular reference to experience and practice as found 
on the railways of London Transport. 

Maintenance of traction motors falls into three categories: 


(a) Running-shed maintenance. 
(6) Periodic overhaul. 
(c) Repairs and modifications. 
(i) Repairs arising from service failures. 
(ii) Modifications to improve reliability and performance. 


For the purpose of the paper these will be described, respec- 
tively, as maintenance, overhaul and repairs. 


(2) MAINTENANCE 
(2.1) General 


Maintenance nowadays consists principally of inspection of 
commutators and brush-gear, including brush-changing where 
necessary, greasing and inspection of bearings and gears, and 
periodic testing of insulation. 


(2.2) Armature Bearings 


Until 1928, when the first armatures fitted experimentally 
with ball and roller bearings were purchased for service on the 
underground electric railways of London, all armature bearings 
were of white-metal. The metal used was generally one having 
a high tin content, and the bearings were kept oiled by a wool 
packing which required topping up at least once a week. 

After an initial charge of grease when the motor is assembled, 
greasing of traction motors fitted with roller bearings is now 
carried out at a period of twelve months, when a fixed amount of 
grease (14 ounces) is inserted from a special pump to ensure 
that the bearing does not run dry before overhaul. Trouble in 
motor bearings can often be attributed to over-greasing, so that 
control of the amount supplied, and of the period of supply, is 
a very important part of the maintenance procedure for traction 
motors. 

The introduction of roller bearings produced a number of 
economies by the extension of the lubrication period, as well as 
an improvement in performance by a reduction in hot bearings. 
Following the initial tests, all new motors from 1932 onward were 
delivered with roller bearings, and all the motors already in 
service on multiple-unit passenger rolling-stock were gradually 
converted. 

The time will no doubt come when a traction-motor armature 
bearing of the grease-packed roller type will be sealed from over- 
haul to overhaul, ie. for four to five years, or 250000 miles. 
Tests have, in fact, shown this to be possible, but as an armature- 
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bearing failure is both costly and possibly dangerous on 
multiple-unit rolling stock, some further research and testing is 
necessary to eliminate any risk of failure. 


(2.3) Suspension Bearings 


Until 1936, the axle-hung traction motors generally used white- 
metal bearings for the axle suspension. The quality of the metal 
used for this bearing varies considerably with the railway, some 
administrations even using a plain bronze bearing at this position 
in view of the relatively low speeds concerned. In recent years, 
London Transport have used the same quality of white-metal as 
was used for armature bearings, mainly to avoid any fear of 
contamination of the armature-bearing metal, which requires to 
be of superior quality and high tin content. In view of the fact 
that very shortly London Transport will have no traction motors 
at all with other than roller-type armature bearings, experiments 
have been conducted with a view to using a less-precious metal 
for suspension bearings without impairing the reliability. 

London Transport introduced in 1936 the principle of clamping 
the traction motor to a suspension sleeve mounted concentric 
with the axle on a pair of roller bearings, and all motors delivered 
since that date use this type of suspension. Approximately half 
the motors now in service on London’s underground system are 
suspended in this way. White-metal suspension bearings require 
repacking and oiling on a periodic basis. Oiling is now carried 
out every fortnight, but repacking takes place at approximately 
40 to 50 thousand car miles, when the suspension bearing itself 
is usually changed for remetalling. This bearing change takes 
place at the time when the wheels are changed, not because 
bearing wear necessitates such attention, but to improve reliability 
and avoid failure, experience having shown that there is a danger 
that a bearing already bedded to another axle can be a source of 
trouble. 

Bearing wear is generally greatest at the flanged end, and it is 
more marked where cast-iron blocks are used for braking. The 
cast-iron dust causes a lapping action between the bearing and 
the road-wheel boss on the side not protected by the gear case. 


(2.4) Advantage of Fourth-Rail System 


In the use of roller bearings, those railways using the fourth- 
rail return have an advantage over other systems, since the 
insulated return avoids any difficulties due to current being 
passed through the bearings. London Transport now use 
the fourth-rail system exclusively; although this practice has 
not been adopted directly for the purpose of assisting roller- 
bearing performance, it does avoid the necessity of providing 
special diverting brush-gear on the axle. 


(2.5) Gears 


In this country the main drive on multiple-unit stock with 
nose-suspended motors has been by means of a pinion driving 
a gear directly on the axle, with a ratio of between 3 and 4 to 1, 
depending on the requirements of the service and the stock. 
Straight-toothed gears were used almost exclusively until recent 
times, when single-helical gearing, having a tooth angle of 74°, 
was introduced to give quieter running. However, where helical 
gears have been used with white-metal suspension bearings, an 
increase in end-flange wear, both on the bearings and on the 
wheel bosses, has occurred owing to the movement of the motor 
relative to the wheels. 

The introduction of roller-type suspension sleeves with limited 
clearances also allowed the use of a true lubricating grease in 
the gear cases in preference to a bituminous compound which 
was formerly used to reduce noise and to cushion the shock of 
gear teeth mating outside their pitch circles—a condition which 
arose from the clearances attained with plain white-metal-type 
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suspension bearings. The new gear-case grease had to be care- — 


fully chosen, since it was found impossible to prevent leakage 
from the gear case into the roller-bearing housing. Contamina- 
tion of the bearing grease by gear grease of the grade now used 
can be tolerated without detriment to the roller bearing. 
Resulting from inexplicable short life experienced with a 


number of gears and pinions some years ago, it was decided that. 


all gear wheels and pinions should in future be matched so that 
they constantly ran together. The view was held for a number of 
years that this was an important feature of good performance, 
ensuring even wear. The practice necessitated the removal of 
the pinion from the traction motor when wheels were changed 
and the pinion’s retention with these wheels until they were 
refitted to another car and traction motor. As motored wheels 
on the London Underground have to be changed on the average 
every twelve months for turning, a lot of maintenance time was 
spent on pinion removal and refitting, with consequent damage 
to armature shafts and keyways. 

Matching of pinions and gears has now been abandoned, as 
the cost of enforcing the practice far outweighed any advantage 
which might have resulted from the careful mating of the teeth, 
and it was found in any case that each gear wheel had to be fitted 
with at least one new pinion in its life. 

On the latest type of traction motor, recently delivered, it was 
decided to fit pinions without keys in the shaft, and thus the fit 
is now more critical. It is consequently undesirable to keep 
disturbing this fit between the pinion and the shaft, as would 
have been necessitated by the continuation of mating. In 
general, therefore, the pinion is now only removed on overhaul. 


(2.6) Commutators 


Important maintenance work performed on traction motors, 
apart from the greasing, is the examination of their commutators 
and brushes. This work is carried out at the running shed at 
the normal equipiment-inspection periods, which are at four- and 
six-weekly intervals, according to the age of the rolling stock. 
The length of the carbon brush allowed for wear varies on the 
different types of motor. From #in to lin wear is usually 
allowed, and on a modern machine the brushes last at least 
about 18 months. It is now quite exceptional to have to change 
a complete brush-holder, although this was a frequent job when 
commutator flashovers were prevalent. 


(2.7) General Insulation 


When major defects occur on a traction motor, the best practice 
is to carry out repairs by specialists at a central point. This is 
the practice adopted by London Transport, the running shed 
exchanging the defective traction motor for a repaired one 
supplied from the central overhaul works at Acton. At the 
equipment inspection periods, however, an insulation test of the 
power circuits, including the traction motors, is made so that 
serious trouble can be averted by the warning of a low insulation 
reading. It is not considered good policy to allow equipment to 
continue in service if the insulation resistance falls below 
2 megohms. It is rare for such a low reading to be due to the 
traction-motor insulation. 


(3) OVERHAUL 
(3.1) Selection and Recording of Overhaul 


It is important to ensure that, when an elaborate system of 
routine overhaul has been instituted, work is not carried out 
unnecessarily. On London Transport the overhaul lives of 
vehicle and traction motor usually coincide. Occasionally, 
some motors will be received, on vehicles for overhaul, which 
are not themselves due for overhaul. It is essential, therefore, 
to maintain accurate records of all attention given to traction 
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Fig. 1.—Diagram of normal overhaul procedure. 


motors so that the history of a machine is readily available and 
unnecessary routine work is avoided. 

Motors received in the overhaul shop when not due or nearly 
due for overhaul should have only the minimum of work carried 
out; cleaning, inspection and test without dismantling should be 
adequate. Care should always be taken to use such machines 
as replacements to the running sheds, so that there is more than 
an even chance that the actual overhaul life will not be unduly 
prolonged. 

(3.2) Initial Cleaning 


The first operation on a traction motor is to clean the outside 
so that it can be handled without undue contamination from the 
road dirt. Where cast-iron brake-blocks are used the road dirt 
includes, owing to the magnetic attraction of the motor case, a 
considerable portion of cast-iron brake-block dust. This dirt 
can be particularly sticky, especially where white-metal bearings, 
which require frequent oiling, are in use. The use of non- 
metallic materials for brake blocks and the fitting of roller 
bearings on both traction-motor armatures and suspension 
bearings reduces the cleaning problem. 

Different methods of cleaning can be adopted. Steam clean- 
ing, where used, should be followed by a drying process. 
Chemical means can be applied, such as the dipping of the 
complete motor in a trichlorethylene chamber, but this fails to 
clean off the magnetically-attracted dirt and some hand cleaning 
is still necessary. Although many of these chemical cleaners do 
not damage electrical insulation and are easily dried out, the 


total immersion of traction motors in a liquid or gaseous 
mixture has not found much favour. 

At Acton Works the cleaning is done by hand, but special 
stands are used which are situated above a gridded floor, so 
that all the dirt removed falls below floor level; in this way 
the treading of this greasy dirt to other parts of the shop is 
eliminated. 


(3.3) Removal of Detachable Parts 


Following initial cleaning, the detachable parts of the motor, 
such as the commutator covers and brush-gear, are removed. 

The commutator covers normally require little attention except 
to ensure that the catches, and safety chains where fitted, are in 
good condition. The felt seals require renewal from time to 
time. 

(3.4) Pinions 

The pinions, usually removed by an extractor tool before 
cleaning, are subsequently examined for excessive wear and 
checked for flaws. Flaws can be conveniently found on a 
magnetic crack-detector. 

The pinions, having a rotational speed some three to four 
times as fast as their gear wheels, tend to wear out more quickly 
when made of the same material. Some manufacturers make 
the pinion of a harder material than the gear wheel so that its 
life will approximate more closely to that of the gear wheel. 
London Transport now use the same specification, calling for a 
heat treatment giving a Brinell hardness of 450 to 550, for both 
wheels, on the grounds that pinions are much cheaper to change 
and less costly to buy than gear wheels and the use of a harder 
pinion might reduce the life of the gear wheel. At the present 
time, a gear wheel lasts approximately twice as long as a pinion 
wheel, which has a life of over 500 000 miles. The shorter life 
of the pinion wheel is due not entirely to extra wear but also to 
fatigue failures which are found by the magnetic crack-detector. 


(3.5) Brush Gear 


It is in the brush gear that the variations in design of traction 
motors are most marked. There has been a constant endeavour 
to improve commutation and to ensure that motor failures are 
not due to trouble arising with the brush gear. Trouble on 
brush gear arises from breakdown of insulation of the supports, 
excessive wear on the brush boxes, or short brushes. The latter 
cause is a function of maintenance and should not occur. Insu- 
lators require critical examination and test before re-use, and 
gauges should be provided for checking the brush-box wear. 
Wear beyond standard limits should call for repair work to be 
executed. 

Most of the serious troubles causing failures on brush-holders 
arise, however, from a lack of rigidity fundamental to poor 
initial design, and many brush-gear troubles can be minimized 
by ensuring that the fixings and supports are proof against 
vibration. 

Brush-holders tend to accumulate a considerable amount of 
dirt which is largely composed of carbon and copper dust, and 
it is considered desirable to clean the holders thoroughly as well 
as the insulators. Shot-blasting is both an economical and an 
effective method of cleaning. 

The working pressure of the brushes on the commutator is 
important; too much pressure will increase the wear of the 
commutator as well as of the brush itself, while too little will 
cause excessive sparking, leading to bad commutation, increased 
wear of the brush, and the possibility of a flashover. Brush 
pressures on traction motors require to be in excess of those 
generally found on stationary machines. A pressure of the 
order of 5lb/in? is required on motors running on multiple-unit 
trains at relatively high speeds. 
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Fig. 2.—Categories of motor repairs. 


(3.6) Dismantling the Motor 


After external cleaning, the next operation is to remove the 
armature from the case. When the motors were of the split- 
frame type this operation consisted of “‘lifting the lid,” but on 
modern machines the armature is drawn out from the pinion 
end. Special equipment is required to extract the roller-bearing 
races from their housings in the motor frameheads. 

Internal cleaning should then be carried out, and special 
provision should be made for this if a number of machines are 
to be dealt with regularly, as the accumulated internal dirt is 
considerable. At Acton Works two special blowing-out con- 
tainers are provided—one for the traction-motor cases and one 
for the armatures. The use of these boxes allows what is a 
comparatively dirty job to be carried out conveniently at the 
point where it arises, and inside the main shop, without incon- 
venience to other staff. 

The plant for the motor cases consists of a hood with vacuum 
extraction assisted by the operation of a compressed-air jet. A 
settler is used to collect the dust before the air stream is allowed 
to pass into the open air. The armature-cleaning plant is con- 
nected into the same extraction system and is of similar 
construction. 


(3.7) Roller Bearings 


After removal, roller bearings should be thoroughly cleaned 
and inspected for wear. 

The cleaning is usually carried out by washing in paraffin or 
white spirit, and automatic washers of the gramophone-turntable 
type are provided at Acton Works to carry out this job. The 
cleaning fluid is fed by force through the rotating bearing and is 
subsequently filtered and re-used. An air jet is passed through 
the bearings after they have been washed to dry them before 
handling. This process avoids any risk of dermatitis to the 
staff carrying out this work. 

Bearing repairs were undertaken during the war years, races 
being built up by nickel deposition and oversize rollers fitted 
where excessive wear had occurred. Such repair work was 
expensive, and since this was only partially successful it cannot 
in general be justified economically when replacement bearings 
are available. 

Bearing replacement is part of the routine overhaul, as there 
are always a number of bearings showing signs of scaling or 
flaking, and some even with chipped rollers. The life of bearings 
varies considerably; some have an exceedingly short life for no 
apparent reason, while others have been known to run 15 years 
completely trouble-free. Certain repairs can be carried out, 
especially to cages with loose or worn rivets, which will extend 
the bearing life, and certain types of flaking on the edges of 
rollers can be overcome by stoning. 

The correct and careful fitting of roller bearings is an important 
prelude to a long life. Cleanliness is also an important factor, 


and at Acton Works special boxes are used for holding bearings 
after cleaning on the paraffin washing plant until required for 
refitting to motors. 
(3.8) Motor Frameheads 

The motor frameheads or end housings, after removal, require 
cleaning and stacking. Special stands are best suited for this, 
because frameheads are best stored on edge, each set then being 
easily available. As each framehead is usually refitted to its 
own motor case, any other way of stacking causes inconvenience. 

Bearing housings in the framehead become worn or damaged 
by a defective roller-bearing, and it is a simple matter to machine 
out on a boring machine and fit a liner. This operation is, in 
fact, simpler than metal-spraying for restoration to size. 


(3.9) The Armature 


The armature, after removal and cleaning, requires inspection 
for the soundness of the banding, which should be renewed if 
there is any doubt. A repaint with an insulating enamel is also 
required. Vacuum impregnation is favoured by some to ensure 
that all crevices are filled with insulation. The practice at Acton 
Works is to ensure that all external crevices are stopped up with 
insulating putty, the whole armature then being painted with 
insulating enamel and baked for a period in an oven at 110° C 
without impregnation. 

At overhaul the commutator should be skimmed. On 
machines where commutation has been found to be critical, 
turning with a diamond tool to produce an exceptionally good 
finish has been found to improve performance, but for normal- 
duty traction-motor commutators a high-speed-steel tool gives 
satisfactory results. The absolute minimum should be removed, 
as the life of the commutator can be shortened unnecessarily by 
taking too large a cut; usually about 0-01 in is sufficient after 
200 000 miles’ service, but it is, however, essential to ensure 
that all bars are cleaned up. Modern traction-motor com- 
mutators can now be expected to last the life of the motor. 

Before the commutator is turned, the edges of each segment 
should be bevelled; slotting is then required, and this can be done 
by either a hand tool or a power-driven saw or circular cutter. 
The mica should be taken down at least ;in to allow for a 
possible 300000 miles’ service without further attention to 
the commutator. Automatic indexing machines have been 
used on this work. and are satisfactory for a time on a 
regular flow of similar machines, but where adjustment of the 
indexing is necessary, to cover varying types of machine, 
difficulties are encountered. It is desirable to include an exhaust 
plant in connection with this work to avoid the mica dust being 
inhaled by the operator. Following turning, the slots require 
cleaning out, and this is best done with a hand tool. 

Overhauled armatures should be given a high-voltage insulation 
test using alternating current at a voltage at least double the 
normal working voltage. A bar-to-bar “drop” test to ensure 
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that the joints and coils are in a satisfactory condition is also 
desirable. After test the armature is available for reassembly. 


(3.10) The Motor Case 


The term “motor case” is used collectively to embrace all 
parts of the traction motor which do not rotate, but usually 
refers, in particular, to the main magnetic frame. Wear takes 
place on the motor nose-seatings, and these require to be built 
up from time to time by welding or by fitting new manganese- 
steel wearing plates. These are riveted and welded to the 
motor nose, as there is a continual fretting action which occurs 
at this point and this will destroy the rivets as soon as any 
movement is allowed between the plate and the nose. The 
suspension housings, too, occasionally require special attention, 
usually arising out of a bearing failure; welding and grinding 
normally provide the necessary treatment. A case undergoing 
norma! overhaul requires little electrical attention apart from an 
inspection for loose connections and a freshening-up with insu- 
lating paint. It is advantageous, as far as the motor cases are 
concerned, to use a light-coloured insulating paint, usually grey 
in colour, as discoloration will take place at any point where a 
defect occurs and make the source of any trouble easy to locate 
when repairs are necessary. If black insulating paint is used, 
it is sometimes difficult to locate the source of failure and 
unnecessary disconnecting and testing work may be undertaken. 


(3.11) Reassembly and Final Test 


It is usual to refit bearings and frameheads to the same case 
from which they were removed, although it is not essential to 
refit the same armature to the same case. 

Following assembly, the completed motor is given a light test 
run. It is not necessary or desirable, even on a machine which 
has had extensive repairs, to give a Hopkinson power test, as is 
usually carried out at the manufacturer’s works on new traction 
motors. It is not necessary after overhaul to prove the traction 
motor’s characteristic; proof of proper functioning is all that is 
required. Testing the motor, with the field current controlled 
through a resistance and in shunt with the armature, will prove 
correct rotation and lead markings as well as revealing faulty 
bearings, indicated by overheating. Any undue noise or chatter 
will enable defects to be traced before serious damage ensues. 
The test run also allows the brushes to become partially bedded. 
Following the test, the pinion is fitted. 


(3.12) Suspension Bearings 


These bearings, when of the modern roller type fitted in a 
sleeve on the axle, become part of the wheel-and-axle assembly 
and therefore, not being part of the traction motor, do not come 
within the purview of the paper. White-metal suspension bear- 
ings, however, are part of the traction motor and are closely 
associated with it. The general work of remetalling the bronze 
backs with white-metal is a continuous process, requiring the 
use of metal-pots and moulds as well as lathes to machine the 
finished bearings. Distortion of the bearings sometimes occurs, 
but, provided the newly-metalled bearings are machined and kept 
in pairs, no difficulty arises. The bearings often wear on the 
edges, where the two halves join, and while it is possible to make 
good this wear with white-metal, this is not considered good 
practice as the white-metal tends to break up. The proper 
method is to repair by brazing and machining to size. 


(3.13) Gear Cases 


An important part of the nose-suspended traction motor is 
the gear case. This is usually provided in two halves which are 
bolted to each other and to the traction motor, and there are 
felt oil seals at the joints and at the axle holes. Renewal of the 
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felt seals is regularly necessary. The old types of motor had 
cast-iron gear cases, but the modern types are usually made of 
light alloy. Fractures occur in these from time to time, but 
they can usually be repaired by welding. 


(4) ARMATURE REPAIRS 
(4.1) Electrical Failures 


The most prevalent seat of trouble on a d.c. traction motor 
has always been the armature. In the early days it was always 
prudent to hold a number of spare armatures so that inter- 
change could easily be achieved. While improvements in design 
and performance render it no longer necessary to carry a large 
number of spare armatures, and many modern armatures will, in 
fact, pass their whole life without failure, it is still true to say 
that the armature is the place where most motor failures occur. 

It is frequently impossible to ascertain the real cause of arma- 
ture failure. The breakdown of armature insulation, nevertheless, 
is still the end-result of most trouble on d.c. traction motors. 
This insulation breakdown generally occurs in the armature slots 
and may be due to any of several causes: 


(a) Damage to the bar when winding, which usually shows up early in 
the life of the armature. 

(b) Movement of the bar; this fault, which may take several years to 
develop, is more prevalent on long armatures. 

(c) Burst armature banding; this was a frequent cause of excessive 
bar movement in early days, but it is now rare, although most armature 
failures have at first sight the appearance of burst bandings. 

(d) Overheating of the bar; this fault may arise from local heating due 
to bad conductivity at a bar connection or to an overload arising 
from defective control-gear. 

(e) Overstressed insulation; this fault can be accentuated by bad 
insulation, coupled with only slight over-voltage conditions or over- 
heating. 
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An insulation breakdown on the commutator is rare, and 
when it does occur it is usually secondary to an armature-coil 
breakdown, or follows bad flashing caused either by a brush- 
holder breakdown or by high-mica troubles. 


(4.2) Mechanical Failures 


Mechanical failures of armatures are usually associated with 
the bearings, and although the bearing is also associated with 
the motor case, the resultant damage and repair is mainly to the 
armature. 

A bearing failure can be caused by 


(a) Lack of lubrication. 

(6) Over-lubrication. 

(c) The use of the wrong lubricant. 
(d) Collapsed bearing cage. 

(e) Defective rollers and races. 

(f) Bad fitting. 


Each case will result in a hot bearing, with the possibility of 
seizure. 

Armature shaft breakages are now very rare, but when they 
do occur they are invariably at the pinion end of the machine. 


(4.3) Electrical Repairs 
(4.3.1) Rewinding. 

The main repair work on armatures consists of the process 
known as rewinding. Many electric railways throughout the 
world do not undertake their own rewinding repairs, preferring 
to return them to experts in the art—usually the manufacturers. 

If the control of failures is, however, to remain in the hands 
of the operator, he must undertake his own rewinding. As the 
armature bar is the vital part of this process, the manufacture of 
these should also be undertaken. Depending generally on the 
price of copper, it is not usually found a good proposition to 
save the old armature bars for reinsulation; old bars can, how- 
ever, be saved by careful removal, reinsulated and re-used. 

The older types of d.c. traction-motor armatures had only two 
conductors per slot, and these were made as single bars, joints 
being made by clipping and soldering at the back end of the 
armature (i.e. the end furthest from the commutator). Although 
this method made manufacture of the bar easy and the armature 
could be wound in two independent layers, it had inherent 
disadvantages; in particular, since soldering was normally 
practised, trouble from bad joints was frequent. 

The development of the evolute bar has eliminated the necessity 
for joints at the back end of the armature. Modern types of 
traction motor used by London Transport have a simple wave- 
winding with two layers of five bars in each slot, the wave 
winding having the advantage that only one pair of brush boxes is 
required. / 

The insulation of the armature coils after the copper has been 
formed to shape is most important, and until recently the only 
insulation suitable for traction-motor armatures was that which 
was classified as Class B insulation. The production of glass 
and silicone insulations has now provided a better, if somewhat 
more expensive, alternative, although to obtain high-quality 
insulation mica is still necessary. Designers should, however, 
continue to bear in mind that the most common and most 
expensive source of failure on a d.c. traction motor is the 
armature, and should allow liberal safety factors in armature 
design, especially with regard to the insulation. 

The standard practice in insulating armature bars is to 
provide as much bar-to-slot insulation as possible, if neces- 
sary at the expense of the insulation between conductors. The 
voltage between bars on a 600-volt machine is small, whereas 
the voltage to ground can sometimes rise excessively. The 


BRUCE: THE OVERHAUL AND MAINTENANCE OF DIRECT-CURRENT TRACTION MOTORS 


main insulation is made up in sheets, which are wrapped around 
the bar and consist of a backing of rice paper, to which mica 
flakes are attached by shellac varnish. The secret of using this 
type of insulation is to use it freshly made; once the shellac is 
allowed to dry, the sheet becomes brittle and a tight wrap cannot 
be achieved, so that there is a danger that the insulation will be 
damaged as it is placed in the slot. 

An advantage arising from the use of silicones in this process 
is that they can be provided in the form of tapes which can 
easily be wound on, thus giving a tight wrap. Some of these 
tapes are made of silicone-rubber, and this also provides a more 
flexible insulation which may well withstand some of the move- 
ment in the slot which has been the cause of breakdowns in the 
past, particularly on long armatures. The primary insulation on 
armature bars, for a satisfactory job, still requires the use of 
mica layers, but all carbon-producing media must be eliminated 
to achieve the principal advantage of silicones—that of improving 
the resistance to heat. 

Another important point in the production of sound armature 
bars is the pressing. Frequent pressing at all stages of the work 
is essential to ensure that the maximum insulation is achieved 
with no voids and that at the same time the bar will enter the 
armature slot without damage. Hot presses have not been 
found necessary with either shellac or silicone insulations, provided 
heating in an oven can be carried out between pressings. 

Following the placing of the bars in the armature slots a 
high-voltage test should be applied before further work is done. 
Usually for a 600-volt motor 2 500 volts from an a.c. supply is 
applied for 1 minute, and this test ensures a sound job. To 
ensure that the bars are down in the slot as tight as possible, 
a technique has been developed of using steel wedges pulled 
down by banding over the whole core length until there is 
no possible chance of further movement. This banding is then 
removed and the final banding wound on. It is considered 
by some that, as the tension of the wire used in banding is 
critical, elaborate devices are necessary to ensure that this 
tension is maintained within well-defined limits. All these 
devices rely to some extent upon the practice of the operator in 
any case, and an experienced bander who first ensures that the 
bars are fully down in the slots does not need a recording ten- 
sioning device. 

Core bands are still preferred for normal-duty traction motors, 
since it is felt that a more solid result is obtained and that there 
is less likely to be movement of an armature var which will result 
in failure. Where, however, peripheral speeds are high and the 
area covered by core bands has to be increased because of this, 
the resultant losses due to the steel banding wire may encourage 
the use of slot wedges. 

The practice was developed at Acton Works of using tinplate 
strips with serrated edges under armature banding wire, and this 
results in a very solid finish securely held after final soldering. 
This practice has since been adopted by some manufacturers. 

After banding, the bars are soldered to the commutator risers, 
and there have been several ingenious methods devised for 
carrying out this work as expeditiously as possible. The equip- 
ment in use at Acton Works consists of a gas-heated hot-plate 
through which the commutator is lowered, so that the com- 
mutator risers rest on the hot-plate, from which the solder is 
run into them. This process is materially assisted if the arma- 
ture bar ends have been tinned before being wound into the 
armature, and it is also important for the solder to be one having 
a high tin content. After the armature has been baked in the 
oven for 24 hours and received its coat of insulating paint, a 
final high-voltage test at 2 500 volts a.c. is essential, followed by 


a bar-to-bar drop test to ensure that joints and connections 
are good. 
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After rewinding, it is essential to balance dynamically the 
complete armature assembly, including the fan. On some 
designs of motor some of the added balancing weights are 
carried on the fan, and this method, though convenient, requires 
the fan to be kept strictly to its own armature. On other types 
of machine a vee-shaped wedge on the end-ring provides the 
location for the required balance weights. 


(4.3.2) Commutators. 


Although commutator insulation failures are rare, repairs are - 


often necessary, as commutators are sometimes severely damaged 
following armature coil failures or flashovers, bars becoming 
badly burnt at the edges. This burning is sometimes deep and 
necessitates the replacement of one or more bars. 

New insulating vee-rings are always fitted when commutators 
are dismantled. After an armature is rewound, the commutator 
bolts are tightened both before and after the stoving of the 
armature. 

In the early days of traction motors, bad commutation caused 
excessive wear to commutators, and this shortened their life. A 
commutator now generally lasts the lifetime of the armature, and 
it is rare for a traction armature to require a new commutator 
because of loss of size from periodic skimming. 


(4.4) Mechanical Repairs 
(4.4.1) Shafts. 

The most serious mechanical failure which can occur to an 
armature is the breakage of a shaft, and this usually takes place 
between the pinion and the pinion-end bearing-housing—the 
section where the maximum stresses occur. Failures of this 
kind are very rare nowadays and are usually caused by a structural 
fault in the metal from which the shaft is made, or arise from 
some exceptional condition which causes over-stressing, as 
occasionally a shaft may break owing to the seizure of a 
bearing. The only possible repair with a broken shaft is the 
fitting of a new one; this usually only necessitates the use of a 
press after the new shaft has been correctly machined. If the 
core plates, however, are built up on the armature shaft and not 
on a spider, the armature will require to be completely stripped 
and rebuilt when a shaft is changed. This is one of the difficulties 
encountered when the designer of a traction motor has to sacrifice 
the spider in order to achieve a small size. 

Bearing failures also cause other shaft troubles which require 
special attention. Where white-metal bearings are used a hot 
bearing will damage the shaft surface; the normal method of 
repair in these circumstances is to skim the shaft clean, refitting 
4 white-metal bearing bored undersize. It is usual after re- 
metalling to replace the white-metal bearings in the framehead, 
and bore them in situ to suit the particular armature shaft to 
be inserted to ensure correct alignment. When roller bearings 
fail, the failure is often confined only to the bearing housings, 
and no repair is necessary other than replacement of the bearing. 
if, however, the inner race, i.e. the race on the armature shaft, 
rotates with respect to the shaft owing to seizure with the rollers, 
damage to the shaft occurs. A satisfactory method of repair is 
‘o fit a reduced-bore inner race after turning down the armature 
shaft to a substandard diameter. It is convenient to maintain 
1 stock of standard undersize bearing-races for this purpose. 
At times the damage is more extensive and the shaft will not 
slean up to the reduced size required; if the shaft is large enough, 
urther reduction to a second substandard diameter can be 
yermitted, or a sleeve may be fitted to bring the shaft back to its 
original diameter for fitting a full-size race. When the shaft is 
yf small diameter, a good form of metal deposition, such as 
iickel-plating, will be preferable, and this will normally necessi- 
ate the removal of the shaft. Normal metal-spray methods are 


not considered satisfactory for providing a seating for a bearing- 
race, as it is considered that there is a danger of the deposited 
metal hammering out. 

It is an interesting fact that the larger bearings have a better 
comparative failure record than the smaller ones, which would 
seem to indicate that the provision of an additional safety factor 
in the calculation of bearing sizes might improve reliability. 

Another source of special repair is the coned pinion-seat. 
Pinions until recently, in addition to being shrunk on, had a key 
fitted to ensure that rotation was impossible. The modern 
tendency is to eliminate the key and rely upon the shrink-fit to 
transmit the torque. Hot water or oil is used to provide the 
small expansion necessary to get a shrunk-fit on the coned end of 
the armature shaft. During the period when it was the practice 
on the Underground system to match the pinions with the gears, 
a large amount of pinion-changing was necessary, and the 
changing and refitting of keys in its turn brought considerable 
wear to the cones and the keyways. Repairs to the cones on 
the armature shaft are achieved by metal-spraying, and, when 
the keyway is defective, by the fitting of stepped keys. Reduced- 
bore pinions can also be used, with reduced-size shafts, when the 
matching of gears and pinions is not required. 


(4.4.2) Core Plates. 

When an electrical failure of an armature occurs, it almost 
invariably damages the laminations which are built up to form 
the armature core. These core plates are usually fitted to a cast 
spider which is pressed and keyed on to the shaft. If the damage 
to the laminations is severe, a new core has to be built up. The 
laminations, being punchings in soft iron, can be slightly irregular 
unless stamped out in a single operation; also, unless they are 
carefully fitted to the core and filed, the sharp edges will damage 
the armature bars when these are inserted. If special care is 
taken in assembling the core plates and the laminations are 
pressed up intermediately as well as finally, very little core-filing, 
if any, is required. It has also been found possible to add 
plates to the number originally fitted, by careful pressing and 
fitting. Loose core plates could damage the armature bars 
by allowing relative movement to take place, and could thus be 
the cause of armature failures. 


(4.4.3) Fans. 

Traction-motor fans on the older-type machines were some- 
times made of cast iron and were frequently very heavy. Later 
designs were made of a light alloy, but both types are prone to 
failure by breaking up, and sometimes extensive damage is done 
to field coils and armature windings. Where the traction motor 
was liberally rated it was found possible to run machines without 
fans. In other types of machine the fan has required redesigning 
and replacement. The modern design of light-alloy fan, with 
vanes attached to a single disc, was found to fracture at the roots 
of the vanes. As this caused little damage to the electrical con- 
nections, these breakages were only discovered on overhaul, and 
satisfactory repairs were executed by welding the vanes and 
modifying the change of section at the root of the vane. Later 
designs of fan, as replacements, have the vanes shrouded. One 
possible cause of fan failures, which are sometimes difficult to 
understand, can be attributed to the out-of-balance effect pro- 
duced by mounting the dynamic-balance weights near the 
periphery of the fan. 

Now that it is possible to improve the temperature charac- 
teristics of machines by the use of silicone insulations, thoughts 
should be directed to eliminating the use of fans on normal-duty 
traction machines. Total enclosure is also a feature much to be 
desired, in order to prevent the ingress of dirt, particularly that 
produced by cast-iron brake blocks. There are, however, a 
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number of difficulties still to be resolved before this step can be 
taken without increasing the size of the traction motor. 


(5) REPAIRS TO CASES 
(5.1) Failures 


The modern d.c. traction-motor case does not fail at the same 
rate as the armature. This may be due to two causes: the case is 
the static part of the machine not subject to rapid changes of 
forces, and space limitations of insulation are not usually so 
tight. Brush-gear design is, however, somewhat tricky, and 
badly-designed collection-gear can be a serious source of failure. 

Insulation failures usually occur on cases because internal 
short-circuiting of coils has caused overheating which breaks 
down the external insulation. A failure of this kind requires the 
direct replacement of the coil. 

Brush-gear failures can usually be rectified by changing the 
complete assembly of’the brush-box and its associated insulator. 
Another source of failure is the leads, both internal and external 
to the case. Difficulties with the internal leads are rare, as 
adequate clamping arrangements are made. Damage to external 
leads, especially due to careless handling, is not infrequent, and 
modern motors have the leads carried in metallic armouring or 
tough-rubber sheathing, to help in eliminating trouble of this 
kind. It must always be remembered that in service the leads 
must necessarily undergo a considerable amount of movement 
and flexing as the bogies follow curvatures in the track, so that 
some natural wear must be expected; if, however, the leads are 
allowed to take up an unnatural position serious damage can 
result. 

(5.2) Electrical Repairs 
(5.2.1) Coils. 

The normal type of d.c. traction motor has two types of field 
coil—the main coil and the interpole coil—and the principal 
differences between them are in the number of turns and the size 
of the loop. 

In general, these coils are wound on a start-and-stop slow- 
operation winder with flat copper-strap, insulation being placed 
between turns and layers as required, and tightly secured. The 
completed coil is dipped in grey insulating paint after a pre- 
liminary heating and is then baked for 14 hours at 70°C. After 
this, the external sides of the coil are insulated with mica-shellac 
insulation ironed into place, and this external insulation is com- 
pleted by taping-on a covering of asbestos cloth. The coil is 
then, after a preliminary bake of 2 hours, dipped and soaked in 
insulating paint, being finally baked for a further 14 hours at 
70° C. Onremoval from the oven the coil is pressed to shape in a 
cold press, while still hot, and allowed to cool. A finishing wrap 
of asbestos tape is followed by a further two coats of grey paint. 

Silicone insulations can now be used for the field coils also, 
insulations of this type having been used extensively in America 
as a means of up-rating the power output of existing motors. 
Some experimental coils have been successfully insulated in this 
way at Acton Works and are now in service. 

The shape required of the final coil makes differences in the 
detailed insulation between turns, between layers and for the 
final primary insulation. Some d.c. traction motors have tapped 
or compound field-windings which also require differing detailed 
treatment of their insulation. The development of the field-divert 
type of circuit, with resistances in shunt across the main field to 
improve the speed range, has eliminated the need for tapped 
coils or multiple coils for this purpose. Nowadays, special fields 
are usually required only to accommodate special types of control. 

A frequent source of trouble on traction-motor coils is the 
connection where the end of the strap is brought out of the coil, 
In some motors, copper strap, the same as in the coil, was often 
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used to make the terminal by bending a piece of the requires 
length to the required angle and riveting and sweating it inte 
position on the coil. Breakages of this connection were frequent 
and various means were tried to eliminate the trouble. Insulate¢ 
straps of iron, coupled with wooden packings, were used to bo 

down these connections to the case. It was found difficult te 
maintain these securely, probably owing to the wood shrinking 
from the heat in the motor case, and the insulation chafed off the 
iron strap so that an earth fault followed. It became necessary 
to fit a more robust type of terminal, consisting of a cast ct 
riveted and sweated to the copper coil, and no clamping of thi 

terminal was then necessary. 

When the coils are fitted to the motor case, it is important te 
ensure that they are rigidly fixed. Vibration in a motor case 
service is cumulative, so that any slight movement will eventually 
result in loose coils. Spring packings are used in some motors 
to achieve secure coils, but these themselves sometimes fracture) 
resulting in a loose coil. | 


(5.2.2) Brush Gear. 

After some 20 years in service, brush gear requires extensive 
attention. Brush gear is not normally kept to its original motor, 
being continually interchanged from machine to ker 


especially when failures occur. Severe burning often takes plac 

on the brush boxes and repairs can be made by machining, 
followed by the brazing-on of new sections. Jigs maintaining: 
the correct brush-slot size, as well as the distance from the fixing’ 
point, are essential when this repair is done. 

Brush-holders should be provided with detachable front plates 
which can be cleaned up to eliminate wear, or renewed if neces- 
sary, while the box can be built up by brazing and machined bac 
to size. If the original casting is not provided with a detachabl 
plate, when wear occurs the front can usually be machined-o 
and a detachable plate fitted. 

If the contact hammers of the springs holding in the brushes} 
wear, these can be restored by filing, but care must be taken to: 
ensure that spring pressure is not lost. The spindles carrying 
the springs and contact hammers often wear severely, and! 
brazing and re-drilling of the casting are necessary. 

The springs are usually shunted by means of pigtails incor- 
porated in the spring carriers, while the brushes themselves are 
usually plain carbon blocks and rely upon current-transfer from 
the contact hammers. Some motors use a brush incorporating 
a pigtail, and the brush boxes on these machines seem to wear 
less, which indicates that some brush-box wear is associated with 
current transfer. 


(5.3) Mechanical Repairs 


Wear takes place on motor noses, and these are built up by 
riveting on a manganese-steel wearing plate and welding it round 
the edges. The suspension-boxes on an axle-hung motor are also 
subject to wear, especially where white-metal bearings are used. 
The bearing keys and keyways also require renewal. On London 
Transport, for example, the original W1.54 type motor, first 
installed in 1924, was provided with two keyways which were 
#in wide and a in long. These subsequently wore, and were 
opened out to +3in width. This widened keyway, too, eventually 
wore so that movement of the bearing was appreciable, and a 
change was made to a new in keyway extending along the whole 
9in length of the bronze bearing-shell. The key was then welded 
to the suspension box. 

As this work was vital only when the keyway was badly worn 
and as it involved a considerable amount of machining, the work 
of modifying the boxes was restricted during the war years. 
The unfortunate result of this policy was that for a great number 
of years three different types of suspension bearing were necessary 
(one for each keyway), and as there were three standard diameters 
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of axle journal, a total of nine different fittings had to be carried 
it the depots for maintenance purposes. 

Arising out of the current-collection arrangements necessary 
on London Transport, negative shoe-gear is usually carried by 
he traction motor, and supporting brackets are cast on the 
notor cases in appropriate positions. These brackets usually 
accommodate a pin of some form, from which the shoe-gear is 
suspended, and wear consequently occurs. It is a simple matter 
0 bore and bush as required to restore to standard conditions, 


and the latest motors have been manufactured with the brackets . 


ulready bushed to facilitate renewal. 


(6) CONCLUSIONS 

The present-day reliability of the traction motor is due in no 
small measure to the painstaking work of the designers past and 
oresent, but while the designer has an eye to maintenance con- 
siderations, his primary duty is to produce a machine in a com- 
detitive market. This ever-present concern may pull strongly in 
he opposite direction to the desirability of eliminating future 
epairs. It is hoped that there is food for thought in the paper 
which will result in a continuation of the improvement in relia- 
dility of the d.c. nose-suspended traction motor. 
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DISCUSSION BEFORE THE INSTITUTION, 11TH NOVEMBER, 1954 


Mr. A. W. Manser: J should like first to draw attention to 
some features of the equipment to which the author has referred 
in relation to the severity of the service which they operate. It 
is not always realized that although these traction motors and 
>quipments do not run very great mileages—only about 50 000- 
55 000 miles a year—the severity of the service is probably very 
much greater than anything to be found elsewhere in the country. 
We had our suspicions about the number of operations per 
day that were being performed by the traction-control equip- 
ment and other apparatus, and recently we carried out a test 
and found that, on an average, the traction-control equipments 
on the L.T.E. rolling stock operate about 900 times per day, and 
the brake equipment about 2 500 times per day, which is about 
three times what would be expected from the mileage which the 
stock runs. Account has to be taken of signal checks during the 
busy period of the day, for instance, which throw heavier duty on 
the traction motors and control equipment. 

I feel that some points which the author mentions are worthy of 
further comment, and we might invite specialist opinion on them. 
The first is the question of roller bearings. The author has 
referred to the extraordinary variation in their life. In some 
cases they run for 15 years, whilst in another—admittedly an 
xtreme example—the same type of bearing might crack up in 
15 months. The bearings are fitted under the same conditions 
‘o the same machines by the same men and with the same care. 
if it were a question of the idiosyncrasy of a particular machine 
we would expect the failure to be repeated, but it is not. This 
ndicates an unexplained factor which warrants closer investiga- 
ion by bearing manufacturers. 

The author also mentions vacuum impregnation, or rather the 
ack of it, in discussing practices adopted at the Acton Works. 
think that vacuum impregnation has become, over the years, 
omething of a fetish with electrical-machine manufacturers, and 
am certain that it does not really do any good. I have always 
1ad my suspicions about it, and during the war I had the oppor- 
unity to see a number of machines stripped down which had 
pent varying lengths of time, from a few hours to a few months, 
inder sea water, and in every case, salt had got into every con- 
eivable crevice. If the machines had ever been sealed by a 
‘acuum-impregnation process the salt could never have entered 
he places in which I saw it. We must accept the fact that we 


cannot seal the machine completely, and we have to adopt other 
methods to prevent electrical breakdown. 

The author mentions commutator turning and the advisability 
in some cases of using diamond tools for providing a high finish 
on a commutator surface. Whatever tool is used, whether it be 
diamond, carbide, or high-speed steel, it is still necessary to 
exercise the same care to ensure that the commutator is not 
screw-cut; because, however fine a finish may be secured, if 
there is a screw-cut effect it is all wasted. 

The author also refers to the use of roller suspension bearings. 
In addition to the technical advantages which he has mentioned, 
there is a considerable saving in cost to be effected by adopting 
roller suspension, because not only is there a saving on the 
white-metal bearings themselves, which are a very costly item 
to maintain, but there is also a saving on items such as the 
gearcases, because, with the precise maintenance of centres which 
is obtained with the roller suspension unit, it is possible to use a 
much-better-finished type of job than with the old white-metal 
suspension arrangements. 

With regard to armature failures, and at the risk of being 
criticized by the author and being told that I am like the doctor 
who says that every death occurs through heart failure, 1 would 
add another item to his list of possible armature failures— 
carbonization of the insulation. I think that this is where the 
use of the silicone-type materials to which the author has referred 
is so very valuable. There can be no doubt that, particularly 
for a machine such as a traction motor which is on very arduous 
duty, and which is subject not only to frequent overload but also 
to an almost continuous cycle of expansion and contraction, 
many of the breakdowns result from carbonization of the 
insulation. In the course of time, owing to successive over- 
heatings followed by expansion and contraction, breakdown 
occurs at the positions to which the author refers. The use of 
silicone materials is extremely promising, because it is possible 
to achieve a degree of elasticity with some which will take care 
of the expansion and contraction of the bars, and there is also a 
tolerance of overheating so that everything is not carbonized the 
first time the temperature rises towards 200°C. 

I think that the paper is extremely opportune, because we 
have indications of a probable increase in the number of traction 
motors in service in this country, so that mutual exchange of 
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information on the basis of a paper such as this will, I feel, be 
extremely valuable. 

Mr. H. H. C. Barton: I feel that the author has been too 
modest, particularly about the achievements of Acton Works 
and the contribution this workshop has made to maintenance 
and the art of specifying the best traction motor for a very 
difficult job. 

It was not until the period of the First World War that the 
systems now forming part of London Transport obtained their 
first interpole motor, namely the 212 type. Up to that time 
they only had the 66 and 69 types. Only in 1920 did they get 
the first really modern motor in the form of the 260 type, which 
incorporated field tappings. This was so successful that it was 
among those subsequently converted to roller bearings, and it is 
still in regular service. 

With the coming of the 1923-25 Tube stock, two other motors 
were introduced, namely the 152 and the 54 types. After a very 
sharp (but fortunately very short) period of initial trouble, these 
settled down admirably and were later also converted to roller 
bearings, which were specified for all subsequent machines. The 
54 type of motor, with the 260, 152 and 212 types and for a period 
the 66 type on the Central Line, handled all London’s traffic 
during the years between the two wars. At that time the operat- 
ing department were continually cutting down timings and 
causing the annual motor-coach mileage to be increased. Very 
little coasting could be done in those days if the timetables were 
to be implemented. When the Piccadilly line was extended to 
Hounslow and Uxbridge the 54-type motor was subjected to 
shunt-field control, and is still surviving this well, although it is 
doubtful whether its designer even envisaged that weak field 
control would be applied to it. 

Would the author give some more information about Fig. 3, 
because it seems that, after such a fine record before and during 
the last war, things began to deteriorate? I feel that this chart 
may not do justice to the more modern motors—I refer, of course, 
to the 100 type. It is significant that in 1939 there were only 16 
armature winders at the Acton Works to maintain all the motors 
on the system. I was told by Mr. Manser that this number is 
still 16, although the machines to be maintained must surely have 
doubled. 

With regard to maintenance equipment, it is not sufficiently 
realized that most of the special-purpose machines and plant 
which the author describes were suggested by the staff of Acton 
Works, designed in their drawing office and manufactured 
in their workshops. One of the first was a horizontal boring 
machine, which, incidentally, has been copied in many parts of 
the world. This device registered off the suspension-bearing 
housings and thus ensured a true parallel bore through the plain 
armature bearings used before the days of roller bearings. 
London Transport has given the world much information about 
the correct fitting of roller bearings, having regard to the dia- 
metral clearances of different types. It has developed unique 
handling equipment for components of awkward sizes and 
shapes, some exceedingly neat field-coil winding machines, and 
a speedy and efficient test equipment. Acton was probably the 
first maintenance workshop to insist on dynamic balancing of 
all rewound armatures. 

Mr. H. Newsam: I believe that wheel-turning lathes are now 
available that can true up the tyres while the vehicle is fully 
assembled, and I wonder how this will affect the period that a 
motor will be required to run before overhaul. The overhaul of 
a modern axle-hung railway motor can usually be carried out 
when wheels are removed for turning, but we may have to design 
for much longer periods between overhauls. For the normal 
axle-hung motor the limit at present is probably defined by the 
sleeve suspension bearings. London Transport has pioneered 
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roller-bearing suspension, and this should increase the mileage 
considerably before it should be necessary to take a motor o 
an axle. I should be interested to have the author’s comments | 

With regard to failures, I fully agree with the author that the 
armature is the part most prone to failure, and I feel that th 
new insulating materials, i.e. the silicones and others, can be very 
valuable in increasing the thermal life of the insulation so tha 
the windings remain tight for a much longer period. 

The author has mentioned the desirability of giving a rewound 
armature a high-voltage test. It is now possible not only t 
apply a high-voltage test to the whole winding, but also to test} 
between conductors at more than the normal working voltag 
with various types of high-frequency or surge-testing apparatus. 
The use of this technique should assist in reducing failures i 
service. 

There is no mention in the paper of the development of oil 
injection for the removal of pinions. The system can be applied 
successfully both to keyed and keyless pinions, but it is particu- 
larly valuable for the latter. I have heard of operators who have 
tried the keyless pinion and then decided it was not satisfactory 
because they experienced a few cases of slipping. With the 
keyless pinion it is necessary to take rather more care to ensure 
that the pinion is a good fit on the shaft, and it is usually desir- 
able to fit the pinion with a rather greater interference. With the 
oil-injection system of removal this tighter fit need cause no 
qualms. I believe that oil injection is a very useful new tool, 
particularly for the maintenance engineer. 

I must join issue with the author on the question of light-alloy 
fans. I have knowledge of such fans which have given trouble 
in service, but I also know of designs which have run under yery 
severe conditions without trouble. This is an item which must 
be carefully designed, and I feel that the solution is not to dis- 
pense with the fan but to learn the lessons of experience and 
produce a design which will stand up to the arduous conditions 
of axle-hung traction-motor operation. 

Finally, on the question of the conflict between first cost and’ 
maintenance cost which the designer has to face, there is a great 
deal of truth in the conclusion in Section 6. Can the author 
give, possibly as a percentage of the capital cost of the motor, an’ 
estimate of the average cost per annum of overhaul and mainten- 
ance, because this would indicate to what extent it would be 
worth increasing the first cost of the motor with a view to effecting 
a reduction in maintenance cost? 

Mr. W. J. A. Sykes: I am interested in the author’s comments 
on roller armature bearings and the experiments which he has 
been carrying out to reduce the necessity for frequent greasing. 
I am very surprised at the figure which he gives of 4—5 years or 
250 000 miles without greasing. Are these really standard 
bearings and what type of grease was used? With the motors 
which I am responsible for maintaining, we have tried to increase 
the period between greasings, but have only been successful, up 
to the present, in attaining a reliable mileage of some 80 000 
miles. We hope that we may reach a figure of 130000 miles 
between greasings, but present indications are that that is the 
limit. 

On the question of bearing washing, we have a very similar 
washing plant to that described by the author, except that we 
use warm transformer oil in place of paraffin and white spirit. 
This seems to do the job well, and obviates the care necessary to 
eliminate all traces of paraffin after washing. 

I notice that helical gears were introduced for the sake of 
quieter running, but now that the white-metal suspension bear- 
ings have given place to roller bearings, | wonder whether London 
Transport has considered reverting to the straight spur gear, 
which is presumably cheaper. I also notice that commutator 
flashovers are referred to in the past tense. I congratulate the 
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Underground system on that fact, and I should like to know what 
the original spate of commutator flashovers was attributed to 
and the steps which have been taken to attain the present 
position. 

With regard to roller armature-bearing failures, I am sur- 
prised that the author did not attribute the failures to the effects 
of the passage of current, but perhaps, since he does not use the 
running rail for the return current, he is not worried by that sort 
of explanation from the roller-bearing manufacturers. 


With regard to the armature flash test, is it necessary or. 


desirable to impose a high-voltage test on an armature with 
ageing insulation? Would not a 1 000-volt insulation test give 
all the information required? 

I am most interested in the suggestion that the Underground 
system contemplate reverting to a totally-enclosed motor. I 
believe that amongst traction engineers of advanced views the 
former Southern Railway used to be held up to derision for using 
nothing but totally-enclosed motors. At present, while the 
Southern Region are trying to develop a motor which will run 
satisfactorily with ventilation, London Transport seems to be just 
as strenuously trying to return to the totally-enclosed type. 

Mr. E. D. Wortley: With regard to the author’s reference to 
Cardan-shaft drive motors, in which he states that this system is 
confined to the lighter classes of vehicle, I should like to quote 
the case of the Toronto subway vehicles, which have Cardan- 
shaft drive and a gross weight of 51-5 tons with a tare weight of 
37-5 tons, as against London Transport surface stock with axle- 
hung machines having weights of 39-3 and 33 tons, respectively. 
I feel that an axle loading of nearly 13 tons can hardly be termed 
light, and there seems no reason why vehicle weights should 
restrict the use of Cardan-shaft drive with its advantage of a 
completely sprung traction motor. 

My next point is with reference to pinions which have no keys. 
These have an obvious advantage from the design point of view, 
but in the author’s experience have they shown an improvement 
in the life and a smaller number of fatigue failures ? 

With regard to the use of brush-holder liners, it would appear 
that this rather expensive item is only necessary because brush- 
holder pigtails are not employed. I cannot agree that brush 
pigtails are not normally used in traction practice, since, without 
them, apart from increased brush wear, there is a tendency for 
brush springs to overheat even though flexibles are fitted as indi- 
cated by the author. 

The author’s reference to core banding is interesting, since 
modern practice tends more and more to the use of slot wedges. 
This: is not only on account of higher peripheral speeds and 
reduction of losses, but also to improve commutation, made 
necessary by increased armature loading and greater field range. 
The author refers to the use of only one pair of brush boxes. 
Does he attribute any flashover troubles to this cause, in spite of 
the relatively high brush pressure used? Whilst the figure of 
5lb/in? mentioned in the paper is used on many axle-hung 
machines, it is possible to use a lower pressure on sprung machines 
such as are fitted with Cardan-shaft drives. 

My last point with reference to the life of pinions and gear 
wheels. No mention is made by the author of the comparative 
gear life between machines fitted with roller and plain suspension 
bearings. It has always been assumed that the maintenance of 
gear centres is an important factor in gear life. Can the author 
supply any figures on this point? 

Mr. W. E. Lewis: The author has referred to the increase in 
the factor of safety of insulation on armatures. The designer 
has to keep a check on the cost, since the design must be com- 
petitive. I suggest that the remedy is entirely in the operator’s 
hands. There is no reason why he should not specify a higher 
voltage for the high-voltage test, and this has been done by some 
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operators with satisfactory results. It will make the motor more 
expensive, however, and tend to make it larger. 

The author refers to the variation in the life of roller bearings. 
These are assembled from components made to tolerances, and 
it will be obvious that the clearances in the running parts vary 
from bearing to bearing. Greases are now available which 
provide a controlled bleeding of the oil to a very marked degree, 
and which can keep the parts of the bearing continuously covered 
with a fine film of oil. If such greases had been used, I suggest 
that the bearings which gave short lives would have given 
considerably longer ones, and in fact, probably quite normal 
lives. 

I agree with Mr. Manser’s remark about vacuum impregna- 
tion. Some manufacturers, at least, dispensed with it many 
years ago. 

I am surprised by the short life of white-metal suspension 
bearings. . I should have expected a life of at least 100 000 miles 
from those bearings. 

London Transport has done some very good pioneer work in 
the use of grease for the lubrication of gears. I was surprised 
to learn that the reason for using bitumen compounds was to 
eliminate noise to a certain extent, because I contend that any 
good lubricant should tend to eliminate noise. Has this grease 
been given an extensive trial with white-metal suspension bear- 
ings? If it is a true lubricant, as stated by the author, from which 
I would infer that it is superior to bitumen compound, there 
should be no more trouble with noise than when bitumen com- 
pounds are used. In any case, if the elimination of noise is 
important, I suggest that the best method is to use a resilient 
type of gear. Iam sure that the use of resilient gears wouldalso 
eliminate many of the armature failures, because there is no doubt 
that it has an extraordinary effect on armature life. 

Mr. N. C. Kew: I am interested in the author’s reference to the 
difference in wear between the more lightly loaded race remote 
from the pinion and the more heavily-loaded pinion race which 
did not show the same kind of wear or need so many changes. 
Some years ago it was stated* that with the lightly-loaded race 
the rollers can skid instead of revolving. This may give a clue 
to the difference in wear between the pinion race and the less 
heavily loaded race. The remedy suggested at the time was a 
slight preloading of the lightly-loaded race. 

Mr. E. F. Hamilton (New Zealand): On the New Zealand rail- 
ways, we are at present engaged in developing this question of 
electric-traction maintenance. 

The author refers to the turning of commutators. Can he 
give any information on the speeds and feeds which are used? 
Mention has already been made of the necessity for not turning 
a screw thread on the commutator, and I quite realize that fact, 
but I should like to know the recommended feed. 

Mr. A. W. Manser: The author has been taken to task because 
he stated that the use of the Cardan-shaft drive was confined as 
yet to the lighter classes of vehicle, and reference was made to 
the subway cars supplied to the Toronto Transportation Com- 
mission in refutation of this statement. However, the Toronto 
subway cars have a four-motor equipment with all the axles 
motored and the motors used are small (only 68h.p.), although 
admittedly the vehicles themselves could not be classed as light. 
It seems to be assumed that the Cardan-shaft drive takes the 
whole mass of the motor off the axle, whereas in fact, with the 
Toronto subway cars, a gear case weighing 1 2001b is carried on 
the axle instead of the traction motor. 

Mr. R. Ledger: I believe that the standard London Transport 
gear case used at present is made of light alloy. It seems to have 
been extremely successful with roller-type suspension bearings, 


* SmiTH, C. H.: ‘Needle Roller Bearings,” Journal of the Institution of Automobile 
Engineers, January, et 4, p. 47. Knaaos, M. J.: “‘Anti-Friction Bearings,” ibid., 
August, 1936, 4, p. 
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but I believe that trouble has been experienced with similar cases 
where they have been employed. with white-metal suspension 
bearings, probably owing to vibration resulting from the slightly 
incorrect meshing of the gears. Can the author give any further 
information on this point? 

With regard to the trend on London Transport towards the 
totally-enclosed motor, I believe that they have gone part of the 
way by eliminating the usual ventilation through the motor core. 
Has this practice been justified, in view of the increased weight 
of motor which results? 

I am interested to learn that new bars are introduced into a 
commutator to replace those burnt as a result of an armature 
failure or flashover. During the manufacture of a traction 
motor particular care is taken with the commutator to ensure 
that it will give satisfactory service, and it is considered preferable, 
particularly with modern high-speed machines, to avoid dis- 
mantling the commutator once it has been assembled. 

In view of the fact that commutators now give little trouble, 
there should be sufficient metal on them to allow most defects 
to be removed by turning without replacing the damaged bars, 
except possibly where a motor has had the commutator badly 
damaged on a number of occasions. If this practice were 
followed I should expect that the cost of the few new com- 
mutators required would be no greater than that of the present 
practice of replacing bars, and the dismantling of commutators 
in order to fit new bars would be avoided. 

Mr. G. Smith: The author mentions a brush pressure of 
5lb/in?. Am I to understand that it is the practice during 
Tunning-shed maintenance to make tests of brush pressure and 
make adjustments if necessary during the life of the brush? 
In recent years there seems to have been a tendency for railways 
to specify an abnormally high pressure for a new brush, so that 
they do not have to adjust the pressure during its life. This seems 
to be the practice in the United States, where they commence with 
a pressure of 7 or 81b/in?, so that when the brush is fully worn 
there is still a sufficient pressure. 

Does the author consider that the normal bar-to-bar ‘“‘drop”’ 
test is sufficiently sensitive to detect the quality of joints at the 
riser connections? I feel that it is possible to have an armature 
which has satisfactorily passed a bar-to-bar “drop” test, but 
find, when it has been in service for a short time, that there is 
discoloration at the riser connections of one or two bars, indi- 
cating that there was not a 100% joint. Does the author feel 
that there is a need for some equipment which will indicate the 
quality of the joint, i.e. whether it is, say, a 50% good joint at 
the riser connections ? 

Mr. E. Webster: Mr. Kew referred to the large amount of 
wear on the commutator bearing compared with the pinion end 
bearing. There are two factors which may account for this. 
First, the commutator bearing, although it carries less load, is 
invariably smaller, so that relatively the load is not very different. 
Secondly, it is usually the location bearing, and if helical gears 
are used the thrust must also be taken on that bearing. Is the 
excessive commutator-bearing wear associated with motors 
which are running with helical gears? 

Another speaker referred to the running of motors without core 
ducts and the resulting increase of weight. This is a fallacy. 
The reason for omitting the core ducts is that they become 
blocked before overhaul. Then either the motor must be run 
at a lower rating than it was designed for, or it must be made 
larger to produce the required rating. 

Mr. D. E. Dodridge: It has been stated that the way to over- 
come wear on brush boxes is to fit pigtails to the brushes. One 
of the difficulties in the past has been to find a means of securing 


the pigtail in the brush so that it did not come out and cause 
flashovers. 
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The necessity for the use of pigtails really depends on the factor 
which determines when the brush is scrapped. If the side wear 
on the brush with no pigtails is insufficient to cause it to bef 
scrapped before it is fully worn on the length, the fitting of pig- 
tails, with the complication of clamps on the brush boxes and 
so on, is probably not worth while. 

On one railway system, an experiment was tried of using 
copper-sprayed brushes which had no pigtails. It was found 
that if the copper spraying was on the top only, between the 
pressure finger and the brush, considerable heating took place 
there and the copper spraying tended to break up; however, 
the spraying was extended half way down the sides of the brushes 
a good deal of the side wear was eliminated. 

Mr. W. W. Maxwell: With regard to the use of silicone- 
insulating material, I believe that, particularly with totally-| 
enclosed motors, conditions can arise which will lead to abnormal 
brush wear. Has the author had any experience of this? I 
understand that silicones have very low abrasion resistance, and 
in certain conditions brittleness can result. In the author’s ex- 
perience, has trouble arisen from this cause? Is it not possible 
that the expected increase in armature life, owing to the greater 
thermal stability and absence of carbonization in silicones, will 
not be realized because failure will occur owing to the poor 
mechanical properties of these materials ? 

Mr. A. G. Hopking: I would like to state how much we appre- 
ciate the way in which the London Transport Executive has, over 
the last 25 years, placed their experience at the disposal of anyone 
who is interested. I feel that British Railways generally have 
been able to take advantage of the vast experience of London 
Transport, and whenever any individual has wished to obtain 
some particular piece of information or to discuss any difficult 
subject, London Transport has always been extremely willing and 
anxious to help. 

Mr. F. W. Roberts (Canada: communicated): Although the 
author’s paper is, by implication, confined to the practices of the 
London Transport Executive, in places he surveys wider horizons. | 
For example, in the Introduction he states that longitudinal 
mounting of traction motors with right-angle-drive gearing is 
confined to lighter classes of vehicle. While this is true of | 
railways in Great Britain, it is not true of British coach-builders | 
nor of foreign railways. Let us consider, for example, the 
rolling stock built in England in 1953-54 for the Toronto subway, 
and which has much in common with the R38 surface stock in 
London. The Canadian cars are 57ft 14in long and 10ft 4in 
wide, they seat 62 persons and are larger than those of the 
L.T.E. The steel cars weigh 83 4701b and the aluminium-bodied 
ones 73 526lb empty. This is by no means a lighter class of 
vehicle, but it has frame-mounted motors with their axes longi- 
tudinal and has hypoid gearing. This praiseworthy trend to 
remove from the axles the unsprung weight of approximately 
one-half each axle-hung motor is undoubtedly increasing; this 
has been the practice for some years in Switzerland and has 
recently been evolved in France. 

Does the L.T.E. bed in new carbon brushes or do they find 
that modern machines are sufficiently stable to permit new 
brushes to be fitted square as received from the manufacturers? 
I agree that motor and brush manufacturers deplore the practice, 
but it avoids attempting a procedure which is frequently awk- 
ward and sometimes skimped on site. No ill effects have been 
noticed on 1000 street cars in Toronto as a result of not bedding- 
in over a period of some years, nor on the recent 104 subway 
cars. 

May I safely amalgamate various figures throughout the paper 
and infer that 0-75-lin of brush wear in 18 months’ service 
corresponds to about 75 000 miles and to 0:004in wear on the 
commutators? If the figures vary with the age of the rolling 
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stock, I should appreciate data on recent designs such as the post- 
war R surface stock and the 1938 Underground stock motors. 
} Mr. S. G. M. Shallard (communicated): The variety of bearings 
In service on L.T.E. traction motors is part of the price which has 
had to be paid for progress. As each new motor was developed, 
some feature, whether of space or of performance, precluded the 
use of the same bearing as had run on its predecessor, and yet 
another bearing size went into service. 

There is certainly here common ground on which the user, the 


motor manufacturer and bearing manufacturers can meet; but - 


while at first glance it might be thought advantageous to make the 
first bearing to be used on a new design one with ample capacity 
in reserve for future development, there are a number of other 
aspects to be considered. 

Fortunately for the designer, but unfortunately for the main- 
tenance staff, a wide range of standard roller bearings is in 
general use from which the size most suitable for a new design 
of motor can be selected. The designer is therefore likely to 
follow this natural tendency without reference to the advantages 
of using parts which are already being stocked or worrying about 
what may be required five years hence, particularly if these 
matters are likely to influence adversely his current design. 

The user does not lightly ask for a motor which will give 
substantially more power than his present requirements in an 
endeavour to ensure that he will not require a new size of bearing 
for a very long time. If he did, the power unit might be uneco- 
nomical for current requirements and disproportionately heavy 
for his vehicle. 

The irregularity in bearing life is thrown into very sharp relief 
by the author’s remarks. There is no complete answer to this 
problem, which has always made rather a mockery of elaborate 
bearing-life calculations, and recent studies of metal fatigue in 
general certainly confirm that even with the best materials there 
is still a very wide “‘life’’ scatter. Roller bearings are made of 
material which is more closely controlled for quality than most 
of those used in the electrical industry: the manufacturing 
processes are controlled by the tightest inspection which can be 
devised, the limits of manufacture are on a par with those of 
‘(oolroom precision, and yet one bearing lasts 15 months and 
another 15 years, both on apparently identical duty. 

Part of the answer may lie in the manufacture of the motor, 
und bearing failures attributable to misalignment, out-of-square 
abutments, out-of-round housings and other machining faults 
vould become evident from the bearing history of individual 
notors. Part of the answer may lie with the fitters involved. It 
s not solely a function of their skill or their experience, but 
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Mr. J. G. Bruce (in reply): Mr. Manser draws attention to the 
stronomical number of operations required daily from traction 
quipments. The continual starting and stopping of London 
Transport trains must have a considerable effect on the per- 
ormance of traction motors and be reflected in the failure rate 
s compared with machines on less arduous service. A high 
roportion of the failures of traction motors on rapid-transit 
ervice is undoubtedly a result of the frequent and rapid imposi- 
ion of stresses, both electrical and mechanical, to the motors. 

Roller-bearing performance on traction motors, although 
atisfactory, still leaves something to be desired. The failures 
re usually difficult to explain, since it is not easy to decide what 
; cause and what is effect. Closer investigation is proceeding, 
n closer co-operation with the bearing manufacturers, but con- 
iderable research will be required before any conclusions can 
’e reached. The aim of bearing manufacturers and maintenance 
ngineers alike should be “‘a million miles of trouble-free rolling.” 

It is not unreasonable to suggest that carbonization of class B 
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sometimes depends also on their patience at a given moment, 
whether they reject an unsatisfactory element such as a burred 
abutment or polluted grease. In fact, it reflects the human 
character in its most diverse moods. This is the same human 
element with which the bearing manufacturer has to contend. 

Although anti-friction bearings have been used on traction 
motors for many years it is not often that one has the opportunity 
of studying the user’s viewpoint on bearing performance. It is 
interesting to learn that the larger bearings have a better com- 
parative failure record than the smaller ones, particularly when 
one bears in mind the modern tendency towards higher speeds 
with their increased lubrication difficulties. Such experience 
serves to underline the very valuable contribution which the user 
could make if close technical collaboration were established and 
maintained between the three main parties, ie. user, motor 
manufacturer and bearing manufacturer. 

Dr. P. F. Soper (communicated): The author states that new 
commutator segments are fitted to replace those which have been 
badly burned during service. Has any commutation trouble been 
found with such rebuilt commutators, since experience indicates 
that the surface of the new segments will, in all probability, have 
a different texture and condition as well as a different schlero- 
scope hardness figure—this difference arising from the different 
seasoning and work-hardening conditions of the new and old bars. 

Experience also indicates that the brush pressure should be 
maintained at a fixed value throughout the life of the brush, and 
that this should be the minimum compatible with mechanical 
stability. For a traction motor the quoted figure of 5lb-wt/in? 
seems to be a reasonable compromise, but this should be checked 
each time the motor is serviced. It is, of course, possible to 
design a brush-pressure mechanism in which the actual pressure 
exerted on the brush through its life does not deviate by more 
than a few per cent from the mean value. This arrangement is 
actually employed in one make of brushgear, but up to the 
present, it has not been used with traction motors, presumably 
owing to the fact that the severe vibration, the need for reverse 
operation and often poor maintenance necessitate a very simple 
robust type of brush-box and spring mechanism. For these 
reasons pigtails are a dangerous addition to the brush used on a 
traction motor, since, should the pigtail come loose, it may cause 
severe damage. 

In addition to other causes, the commutator end-bearing may 
usually wear the most because the commutator is the hottest part 
of the machine. This appears to be a similar difficulty to that 
which occurs with tightly rated automobile-type generators, 
where a sleeve bearing must be used at the commutator end. 
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insulation, resulting purely from ageing, will eventually result in 
a breakdown. This leads to the inference that even a good 
armature has a definite life, and so it would be an economic 
proposition to rewind it at a certain mileage to ensure further 
reliable service. However, this is not the experience of the 
L.T.E., which is that the expectation of life of an old armature 
is as good as that of a new one. The failure rate rises during 
the first 10 years of life and then generally remains steady, with 
a tendency to fall as the residue of prime-wound armatures gets 
older. Many armatures are now exceeding 25 years of life 
without trouble. 

It is doubtful whether carbonization resulting from ageing is 
normally of a severe enough character to produce failure without 
an accelerating cause such as overstressing or overheating. 

Mr. Barton has pointed out the historical sequence of some 
of the older traction motors still used by L.T.E., and it is, of 
course, examples of the GE.260, MV.152 and WT.54 types that 
are now exceeding the 25 years of service without rewinding. 
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With regard to the employment of armature winders on main- 
tenance work, the number has remained at 16 over a long period, 
and not only has the number of traction motors in passenger 
service risen from just over 3 000 in 1938 to about 5 500 in 1954, 
but the number of auxiliary machines which have to be catered 
for has increased even more spectacularly. The chart in Fig. 3 
shows armature rewinds at about 100 per annum for the 5 500 
motors now in passenger service, whereas before the war the 
figure had only been reduced to about 100 per annum for 3 000 
motors in passenger service. Just before the war the new 
L.T.100 traction motor, of which there was a complete batch of 
1 760 machines, entered service, and this, together with the severe 
curtailment of the mileage run, brought the figure for armature 
rewinds down to about 50 per annum during the war years. 
The mileage run per machine, and the number of machines in 
service, increased after the end of hostilities, and the failure rate 
then rose from this low figure, but only to the level of the 
immediate pre-war period, with nearly double the number of 
traction motors which had been in service at that time. 

Any large establishment concerned with the maintenance of 
equipment has to meet problems not envisaged when the appara- 
tus was manufactured, and it is therefore obliged to develop 
special-purpose machines. The staff at Acton Works, since its 
inception, have been well aware of this, and development con- 
tinues as new needs arise. 

Mr. Newsam refers to wheel lathes which restore the wheel 
profile in position under the car. This is a logical development, 
and in conjunction with improvements in truck design, may well 
mean in the not-too-distant future that periods between inspection 
and overhaul will materially increase. For the present, however, 
the modern traction motor is not the limiting factor in the 
removal of the bogie for examination; motor wheels require 
retyring at about 200000 miles, and the present motor bogie 
requires a light overhaul at half this mileage, if not earlier. In 
the L.T.E. we would be most gratified if the wheels ran for as 
long as the traction motor without the necessity of removal for 
attention. Normally every traction motor has to run with at 
least four different pairs of wheels between overhauls, which ac- 
counts in part for the abandonment of the practice of matching 
gears and pinions, Because wheel wear is the limiting factor, the 
provision of roller suspension bearings does not materially increase 
the mileage between car lifts. The principal advantage of the 
roller suspension sleeve is in the considerable reduction in white 
metalling costs, both in material and labour, and in the reduction 
of hot bearings and of lubrication costs. 

It is interesting to note that developments are taking place in 
the provision of high-frequency testing apparatus which can be 
used to indicate the condition of an armature. If techniques 
can be developed to give a warning when an armature is in an 
unsatisfactory condition, without the danger which is always 
attendant upon using a high-voltage test (i.e. of making matters 
worse without actually locating the fault), a real step forward 
in the prevention of traction-motor failures will have been 
made. 

It has not, as yet, been found necessary to use oil injection for 
the removal of keyless pinions on L.T.E. stock, nor has damage 
caused by slipping been found; this may occur in the future. 

There is no doubt that a fan can be constructed to be trouble- 
free, but so far, such fans seem to be the exception rather than 
the rule, and with the introduction of silicone insulations, it is 
one part of the traction motor which might be eliminated. 

Increasing the first cost of a traction motor, in order to 
eliminate maintenance costs later, is not a simple solution to 
the problem, since traction motors used on duties much lighter 
than those for which they were designed are just as prone to 
failure. The paper will have served a good purpose if traction- 


DIRECT-CURRENT TRACTION, MOTORS: DISCUSSION 


motor designers realize that the armature is vulnerable; where — 


any doubt exists as to the action to be taken, the benefit of the 
doubt should be given to the armature. 

Mr. Sykes raises the question of the length of service which 
is possible between armature-bearing greasings. Although it is 
prudent to fix the lubrication period at 50 000-80 000 miles with 
the present greases, the initial charge of grease amounts to about 
141b, whereas the topping-up required amounts to only 140z. 
Therefore if the grease retains its lubricating properties, 


at least 200 000 miles. tan 
dard greases in recent trials, but for the present the prudent limit 
is 12 months’ running without topping-up. 


The increased cost of helical over straight-toothed gears is not . 
so much that the advantages accruing should be forgone, since | 


in addition to quieter running, improved performance of the 
traction motor results from a transmission system which transmits 
an evenly-imposed torque. Straight-toothed gearing can pro- 
duce cyclical forces on the armature shaft which may even be 
conducive to flashover. 

Flashovers have not been entirely eliminated, but it is rare to 
have an epidemic of traction-motor flashovers without some 
knowledge of the cause. The improvement in this respect has 


been achieved by a combination of factors such as improved | 


finish to the commutator, greater attention to the rigidity of 


brush gear, the general maintenance of brushes so that brush | 
chatter is eliminated, in addition to the improvements arising | 


from the use of modern switchgear. 

Armature-bearing failures on L.T.E. stock can never be 
attributed to the passage of electric current, except as a corollary 
to a failure of insulation in the traction motor, and even then 
they are extremely rare. This is one of the advantages of the 
fourth-rail system of electrification. 

It is considered that a high-voltage flash test can do quite a lot 
of harm which may go undetected and therefore leave the 
insulation weaker than it was before the test was applied; for 
this reason alone there is a considerable field of development for 
non-destructive testing of some kind. It used to be the practice 
to flash-test old insulation at 1 250 volts a.c., whereas rewound 
armatures were tested at 2 500 volts a.c. Since the use was 
adopted of an instrument which checks the insulation value as 
well as applying a potential test, old insulation is tested at 
1 770 volts d.c. and new insulation at 3 500 volts d.c. The figure 
of 1 770 volts is, of course, the equivalent of the peak value of 
1 250 volts a.c. (r.m.s.). 

It is interesting to note the divergence of views on ventilation 
of a traction motor, but a totally-enclosed machine has attractive 
possibilities if the size and weight can be kept down. 

Mr. Wortley raises the question of the Cardan-shaft drive and 
takes me to task for including the Toronto subway cars in the 
lighter class of vehicle. Although the tare weight of the Toronto 
cars is 37-5 tons, each car has four motors and the trains have 
no trailers in their make-up. Even on the lightest of L.T.E. 
trains each traction motor has to propel a much greater tare 
weight than 9 tons, and the application of Cardan-shaft drive 
would undoubtedly necessitate heavier gearing. It may be asked 
what is the purpose of producing a spring-borne traction motor 
of light construction, only to add an unsprung gearbox of nearly 
equivalent weight? The Cardan-shaft drive has its place i in the 
development of electric traction, but the reduction in traction- 
motor weights has almost eliminated the need for its use, as the 
unsprung motor weight can no longer be a cause for anxiety. 

It is too early to state whether the keyless pinion has an 
improved performance. 

The use of two brush-holders instead of four makes the 
running-shed inspection much easier, and has not been considered 


it | 
should be possible to seal the bearings for an overhaul period of | 
High mileages were obtained with stan- | 


SDs a ee 


BRUCE: THE OVERHAUL AND MAINTENANCE OF DIRECT-CURRENT TRACTION MOTORS: DISCUSSION 


as a contributory cause to flashovers on 600-volt machines. It 
is not considered that a brush pressure of 5lb/in? is undesirable. 

Unfortunately, it is not possible to make comparisons of any 
value between gear life with or without roller suspension sleeves, 
as no exactly similar service has been performed. It is con- 
sidered, however, that the advantage is slightly in favour of 
those running in association with roller bearings. 

Mr. Lewis suggests that improvements in armature reliability 
must inevitably increase the size and cost of the machine. I do 


not accept this view. I want to have my cake as well as eat it! 


The improvement required is clearly marginal, since, out of a 
given batch of motors, about 25° will fail at some time in their 
life and these failures will invariably be in the armature. There- 
fore, if the designer decides that, whatever else he cuts, it must not 
be the armature, he will be on the road to eliminating the failures. 

The short life of white-metal suspension bearings as indicated 
in the paper is due to the practice of renewing them at each 
wheel change, and does not arise froma failure of the bearing itself. 

The provision of a good seal on the gear cases is also difficult 
where white-metal suspension is used, and a very:thick grease 
is necessary if excessive loss is not to occur. The use of “‘gear 
shield,” as the bituminous compound is known, may have 
developed from this defect as well as from the need to provide 
a cushioning effect where straight-tooth gears were mating out 
of their pitch circles, and there is no doubt that it was effective. 
There was not the same necessity to use the bituminous grease 
with helical gears, but a change was not made until contamination 
of the roller-bearing grease on the suspension sleeves occurred. 

It is suggested with some diffidence that the traction-motor 
gear noise has been almost eliminated without the extra expense 
of fitting resilient gears. It is agreed that the quality of the 
transmission has a marked effect on armature life. 

There is scope for much research on greases for roller bearings, 
but not all bearing failures can be attributed to lack of grease. 

Mr. Webster refers to the bearing question again, and while 
there is no positive proof, since motors have either run exclusively 
with helical gears or indiscriminately with helical or straight, it 
is considered that the life of the commutator-end bearing is 
adversely affected by the use of helical gears. With reference 
to the question of the blocking of core ducts, the difference 
which this factor makes to the 1-hour rating of one type of motor, 
for example, is that the power is reduced from 168 to 130 h.p. 
The rating of motors without core ducts should improve the 
armature performance, since machines with ducts use them 
inefficiently for most of their life. 

Mr. Dodridge points out that the pigtail brush has defects, 
which make it doubtful whether this method should be adopted. 
However, it does reduce brush-box wear. With regard to the 
fitting of a pigtail to the brushes, it is considered that damage 
need not result from a loose pigtail if the brush gear is designed 
to make the best of both worlds, and operate satisfactorily 
without pigtails. The use of pigtails in addition will thus improve 
the brush-box wear without bringing all the other troubles. 

Mr. Maxwell deals with the question of increased brush wear 
with silicone-insulated motors. While this problem has not been 
seriously encountered as yet on traction motors in this country, 
it is understood that it has to be reckoned with where total 
enclosure is concerned. The difficulty arises from the moisture- 
repellent properties of silicones, which tend to remove the natural 
lubrication obtained from the moisture of the atmosphere, which 
assists good commutation. Without it the brushes become abrasive 
and wear out rapidly. This is, in a different form, the same diffi- 
culty as is experienced with rotating electrical machines in aircraft 
operating in the dry atmospheres at altitudes* above 20 000ft. 


* Sis, R. F.: “The Wear of Carbon Brushes at High Altitudes,” Proceedings I.E.E., 
Paper No. 1505, July, 1953 (100, Part I, p. 183). 


201 


The mechanical strength of silicone rubber is lower than that 
of natural rubber, but it is considered that the resilience of the 
material in comparison with micapaper should result in improved 
general mechanical properties. Considerable advances have been 
made in improving the mechanical properties of silicone rubbers 
and varnishes during the last eight years, and there is no doubt 
that further improvements will be made in the future. 

Mr. Kew infers that the commutator-end race is more lightly 
loaded, but this is unlikely, since the bearings are not by any 
means equal in size. The pinion-end bearing may be in fact be 
the more lightly loaded. The failures which occur on traction- 
motor commutator-end bearings are definitely not caused through 
skidding but frequently from chipped rollers. 

Mr. Hamilton asks for information with regard to commutator 
turning at Acton Works on traction-motor commutators. 
Tungsten-carbide-tipped tools are used, at a surface speed of 
600 ft/min, with 100 cuts per inch. 

Mr. Ledger criticizes the practice of dismantling the com- 
mutator to insert a single new bar, but it is good practice when 
no trouble arises from it. Copper is expensive and should be 
conserved, especially early in the life of a commutator. 

Mr. Smith raises the question of the maintenance of brush 
pressure. This is not checked at all during running-shed main- 
tenance and seldom during overhaul, but it is considered that an 
occasional check should be made of reassembled brush-gear after 
repairs to springs and boxes in order to ensure that the brush 
pressure has not been either lost or increased. The actual brush 
pressure achieved is fundamental to the design of the brush-gear 
and to the original spring specification, and it is possible to 
design brush-gear so that the variation of brush pressures from 
new to worn is not great. The use of high pressures will 
undoubtedly accelerate the brush wear and should be avoided. 

Regarding the “‘bar-to-bar’’ drop test, there is need for im- 
proved apparatus for locating invisible faults, but any apparatus 
which is developed must be simple, robust and inexpensive. 

Mr. Hopking has very generously given an unsolicited testi- 
monial. It is often instructive to have to tell others of achieve- 
ments and failures, and this is at least one good reason why 
information should be exchanged. 

In reply to Dr. Soper, no commutation troubles have arisen 
through rebuilding commutators with new bars. This rebuilding 
of the commutator is not a regular feature, but is only carried out 
when considerable damage has occurred to one or two bars in an 
otherwise satisfactory commutator. The number of traction- 
motor commutators treated in this way last year, for example, 
was approximately 50 out of over 5500 motors. This is a very 
small quantity, and seldom has any further trouble developed on 
machines treated in this way. The repairs carried out on the 
L.T.100 type machines so far in 15 years’ life hardly add up to 
more than one complete commutator a year. 

Temperature tests on traction motors do not substantiate that 
the commutator is the hottest part of the machine, and com- 
mutator-end bearing wear cannot be attributed to this cause. 

In reply to Mr. Roberts, with regard to brush bedding, after 
overhaul a complete new set of carbon brushes is fitted, but 
complete bedding is not carried out. The test run in the shop 
after overhaul is considered to be all that is required and has 
proved reasonably satisfactory. In the course of running-shed 
maintenance, brushes are changed indiscriminately as they wear 
to the specified limit, and the replacements receive no bedding 
whatsoever. This is also the practice adopted elsewhere. 

Carbon brushes last approximately 75 000 miles and it is not 
unreasonable to deduce the equivalent commutator wear as very 
approximately 0-004in. 

Mr. Shallard raises the question of standardization, which is 
not given sufficient consideration. Designers and those con- 
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cerned with specifications appear to be mesmerized by the 
technical problem of getting the last ounce out of the materials 
at their disposal—usually, it must be said, with a view to overall 
economy in first cost and technical performance. Scant atten- 
tion, however, seems to be paid to the maintenance engineer 
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who has to live with their product for 30 years or more after 
they have proceeded to fresh designs. A little extra consideration 
in the use of an existing component might, in the long run) 
produce a greater economy, which in the welter of perme | 
costs is not generally appreciated. | 


| 


DISCUSSION ON | 


“THE USES OF EARTHED SIGNAL CONDUCTORS ON TRANSMISSION 
CIRCUITS”* : 


NORTH MIDLAND CENTRE, AT LEEDS, 27TH OCTOBER, 1953 | 


Mr. H. S. Moody: I have for many years been surprised that, 
whereas so much is said and written about the design and 
erection of overhead lines and also about protective circuits and 
equipment, little has so far been published about the associated 
problem of pilot wires and cables. This problem is often aggra- 
vated by a conflict between the desires of the overhead-line 
designer and the needs of the protection engineer. 

On high-voltage distribution lines—in contrast perhaps with 
main transmission lines—telecommunication and fault-location 
indication are relatively unimportant; means for protective 
signalling and inter-tripping are the prime requirements. 

We do not—in this area at least—provide any aerial earth-wire 
on any of our new high-voltage overhead lines, which are all of 
the unearthed type on wooden poles. Nevertheless, provided 
that the earthed signal conductor can be regarded, under the 
Overhead Line Regulations, as an earth wire or auxiliary con- 
ductor, as I think it should be, such a conductor could be added 
to a 66kV portal-type wood-pole line at comparatively little extra 
cost, since no additional pole height would be required, other 
than the 2ft increase at road crossings, and the poles themselves 
could presumably provide the insulation necessary. Even less 
line cost would be involved on the old type 4-conductor steel-mast 
lines, but the new pin-type 33 and 11kV lines would not be so 
readily adaptable. 

The selection of the type of pilot described in the paper, in 
preference to one of the few alternatives at present available, will 
depend almost entirely on the cost and reliability of the end 
equipments. The cost comparison given at the end of Section 1.6 
appears to cover line costs only. Can the author give the total 
costs, i.e. including costs of end equipments, so that a clearer 
comparison can be obtained ? 

Mr. H. C. Ogden: The paper suggests the stringing of another 
conductor on single- and double-circuit lines, and the voltage on 
this conductor might rise to an appreciable level above earth in 
certain circumstances, such as a fault on the system, atmospheric 
disturbances or accidental contact with other power lines. It 
seems to me that, particularly on double-circuit lines, another 
hazard would be introduced. which would endanger men engaged 
on maintenance unless the signal conductor was earthed at the 
point of work in the same manner as the phase conductors. This 
would make impracticable the use of the signal conductor for 
communication purposes under these conditions. 

What are the author’s views on the safety precautions which 
would be necessary if a signal conductor were provided ? 

Mr. A. B. Gibson: With regard to the difficulty of applying the 
earthed signal conductor to the protection of double-circuit lines, 
there is the particular case of parallel feeders [Fig. 14(c)] where 
it might with advantage be used to supplement standard types of 
parallel-feeder protection. The inherent weakness of such 

* Casson, W.: Paper No. 1383S, October, 1952 (100, Part II, p. 277). 


systems is their inability to afford protection to one circuit when} 
the other parallel circuit is switched out, but it is then that the} 
signal conductor becomes effective. 

A single-circuit line having a fourth fully-insulated spare con-) 
ductor may in some instances be justified, where continuity o 
supply does not warrant a duplicate-circuit arrangement. The| 
benefits to be derived from making use of such a fourth spare| 
conductor, in the manner described in the paper, in the fields of’ 
protection, communication and fault location, may perhaps! 
encourage the more frequent adoption of this scheme. 

Mr. W. Casson (in reply): Mr. Moody has drawn attention to 
the fact that the communication-channel aspect of overhead line | 
design has been neglected in the past. The earthed signal con-| 
ductor is a new form of channel and Mr. Moody’s suggestion for | 
equipping a 66kV portal-type wood-pole line at comparatively 
little extra cost is very interesting and shows what can be done if | 
the matter is actively pursued. On the total costs of providing the 
extra conductor and terminal equipment, some information further 
to that given in Section 1.6 is given in my reply to some of the earlier 
discussions. The best approach in this matter is to separate the 
line and equipment costs. The former will depend upon the 
method of construction, the type of conductor employed and the | 
insulation requirements, which will be a minimum in the scheme 
suggested by Mr. Moody and a maximum for a double-circuit 
steel-tower line. The size of the wave-trap would depend to— 
some extent on the maximum earth-fault current on the circuit 
concerned, but even in the worst case it should not cost more 
than, say, a few hundred pounds per circuit. The cost of the 
h.f. signalling equipment would depend upon the number of 
channels required, and would be anything from £100 for a single 
intertripping signal to £1 500 for a number of channels. 

Mr. Ogden has pointed out the difficulties which might arise 
with a signal conductor if handled by men engaged on mainten- 
ance work. This difficulty would arise only on double-circuit 
lines, and could be overcome by earthing the signal conductor 
temporarily at the tower being maintained by a special portable 
earthing device. This would consist of the ordinary line earthing 
clamps and lead incorporating a series-connected wave-trap of 
very low impedance to currents of supply frequency but of very 
high impedance to currents in the band of frequencies being used 
for signalling. It is understood that such a device is used in 
other countries when work is in progress on overhead lines with 
carrier-current signalling through the line conductors. 

Mr. Gibson has given an interesting example of the ways in 
which a spare conductor on a single-circuit line can be used for 
signalling purposes. Similarly, a double-circuit line, strung on 
one side only for power-supply purposes, can be provided witha 
signal conductor by stringing one conductor only on the other 
side, which can revert later for power supply when the remaining 
two conductors are added. 
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SUMMARY 


A conducting sheet threaded by a magnetic field moving parallel 
to the sheet will assume a velocity equal to that of the field if it is 
free to move. The squirrel-cage induction motor uses this principle. 
The research described in the paper was initiated to discover what 
would occur if the sheet were constrained so that it could move only 
in its own plane and in a direction making an angle with the direction 
of motion of the field. It is found that, under certain circumstances 
the sheet then travels at a speed in excess of the speed of the field’ 
This phenomenon has been made the basis of a variable-speed brushless 
induction motor. 


(1) INTRODUCTION 


The chief merit of the squirrel-cage induction motor is its 
extreme simplicity, leading to great reliability and low cost. Its 
chief disadvantage is that in its simple form it is essentially a 
constant-speed motor. In order to provide variable-speed 
versions, two main lines of attack have been explored, namely 
pole changing and drawing power from or injecting power into 
the rotor. The first method yields a small number of discrete 
speeds, whereas the second may provide continuous speed 
variation, but at the cost of substituting a wound rotor and a 
commutator or slip-rings. There have been some attempts to 
make machines with mechanically-variable pole pitch, but such 
designs do not seem to have found favour. The present proposal 
has some relation to the pole-changing method, but does not 
involve any mechanical separation of the poles or switching of 
windings, nor does it require departure from the squirrel-cage 
type of rotor construction; there are in fact no switches or 
rubbing contacts. 


(1.1) General Principle 


The proposal arises from the recent upsurge of interest in 
‘linear’? 3-phase motors. These have been applied to the 
launching of aircraft and the pumping of liquid metals. In 
a linear motor the stator consists of a multi-phase winding 
of the kind used in induction motors but “developed,” or 
opened out flat, as shown in Fig. 1. The magnetic field which 
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Fig. 1.—Principle of the “linear”? motor. 


previously had angular velocity w, now has linear velocity », 


given by 
v, = 2pf feet per second 


where p is the pole pitch in feet and f the frequency in cycles per 
second. If an infinite (but weightless) conducting sheet is 
placed over such a linear stator as shown in Fig. 1, eddy currents 
will flow in the sheet and drive it from left to right. If stator 
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end-effects are neglected and if there is no resistance to motion 
the sheet will assume a velocity », = v,, corresponding with zero 
slip. If there is resistance to motion, then the velocity will fall 
below v,, there will be some slip, and power will be drawn from 
the supply. Conversely, if the sheet is driven by external means 
at a velocity greater than v,, induction-generator action will 
cause power to be fed back to the supply. These statements, 
however, assume that the sheet is free to move in the direction 
in which the field is moving. Suppose now that the sheet is 
constrained to move along a line making an angle 6 with the 
direction in which the field is moving, as shown in Fig. 2, which 
is a plan view corresponding with the elevation view of Fig. 1. 


Direction of 
motion of 
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Conducting sheet 


Fig. 2.—Plan view of conducting sheet and travelling field. 


How fast will the sheet now travel? At first sight there are two 
alternatives. Either one resolves the synchronous speed v, along 
the direction of motion, yielding, 


On== 0. COS 0, he See CE) 


or one resolves the motion of the sheet along the direction of 
field motion, giving 
0,008 0 =U, 920) Dh eee) 


Both views found supporters, and it was decided to resolve 
the matter by experiment. All the early experiments showed 
a reduction of speed as 8 was increased from zero, but the 
advocates of eqn. (2) were not easily discouraged, and it finally 
emerged that end-effects and poor torque had vitiated the first 
results, and that in fact eqn. (2) is appropriate, the sheet 
assuming, ideally, a speed in the predetermined direction such 
that its component of motion along the direction of motion of 
the field is substantially equal to the velocity of the field. 


(2) A SIMPLE EXPERIMENT 
The apparatus finally used for the preliminary experiment is 
sketched in Fig. 3. A copper disc was arranged to rotate 
between a pair of “‘square’”’ linear stators wound to provide 
two pole pairs along the length. These stators could be turned 


[ 203 ] 


204 WILLIAMS AND LAITHWAITE: A BRUSHLESS VARIABLE-SPEED INDUCTION MOTOR 


Fig. 3.—A simple experiment with a copper disc. 


to make any chosen angle @ with the tangent defining the mean 
direction of motion of the copper under the poles. If the disc 
were to assume a velocity v. = v,/cos 8 at the centre of the 
stator, then the rotational speed would be (v,/cos @) (1/27r) 
and the time per revolution would be (27r cos 9)/v,.. Now r cos 8 
is the effective radius at which the linear thrust is directed, and 
is also easily measured. Fig. 4 is a plot of time per revolution 


Time per revolution, sec 


Fig. 4.—Results of the initial experiment. 


,against r cos @ in inches. It may be seen that the experimental 
results show the expected slope, over a considerable range, but 
‘that the time per revolution is too great throughout. Further- 
more there is a minimum in the observed time per revolution 
when the speed is about twice the minimum speed. A minimum 
is inevitable, of course, since as @ is increased towards 90° the 
torque falls to zero. This limit, however, is not reached in this 
experiment; there are other factors influencing the speed, for 
when @ is other than zero the copper has a component of velocity 
at right angles to v,, and copper travelling in a magnetic field 
produces a braking force, so that there is braking present which 
becomes progressingly more effective as @ is increased. Before 
proceeding to an assessment of this braking torque and a dis- 
cussion of the methods by which it can be minimized, it is 
worth noting that apart from this effect the stator twisted through 
an angle @ produces the same speed as it would if it had been 
physically translated to the position A shown in Fig. 3. It 


could therefore be extended right across the disc without ins 
fluencing the speed. It is also worth noting that at standstill 
the torque must be proportional to r cos @, so that since, ideally’ 
v, = v,/cos 8, the product of standstill torque and maximum 
speed is constant and independent of 8. In other words, the 
machine has the properties of a constant-power device, bein 
equivalent to a fixed-speed machine operating through a con- 
tinuously-variable gear. 


(3) END EFFECTS 


Consider first a long array of alternate north and south pol 
stationary in space as shown in Fig. 5. A sheet of coppet 
moving over these at speed v, in the direction shown will giv 
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Fig. 5.—Eddy-current paths in a copper sheet under a moving field. 


nha | 

rise to eddy currents as indicated. The e.m.f. v, generated under 
each pole will be 

v, = Bwo, | 

where B is the flux density and w the width of the poles, and. 

the resistance of the path under the pole will be | 


2w | 


o being the conductivity of the sheet in mhos per square. 

If the resistance of the path outside the poles is neglected, 
as it may be if the sheet is large, the current under the pole 
will be 

v Bpov, 


ay 
Re 


and the force per pole 
F = B*wpov,|2 


Now consider Fig. 6, which relates to the same pole array but 
with the copper moving at right angles to the previous direction 
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Fig. 6.—Eddy-current paths when the field is moving at right angles 
to the direction shown in Fig. 5. 
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at speed v, Now e.m.f.’s are generated under the poles 
given by 
oe Pp 


and the path resistance ‘“‘under the poles” is 


ta P 
R ee 
2wo 
so that if R, were again sensibly the whole resistance a current - 
given by 

°p Bw 

Carengpst oe ov 

R, dl 
would flow yielding a force per pole of 

F’ = B’pwov,|2 


as before. But in this case it is not even approximately true to 
say that R, is the total resistance, since the eddy paths are as 
shown in broken lines, yielding a resistance very much greater 
than that of the part of the path “under the poles.” Section 8 
outlines an approximate evaluation of the forces in this case 
and in the previous one and results in a value for F/F’ given by 


F 4w v 
SSS ee es 8B) 


Turning now to Fig. 2, we may identify the moving field there 
shown with the fixed field just considered by subjecting the 
array of Fig. 5 to a horizontal velocity v,, provided that in both 
diagrams the array extends indefinitely in the horizontal direc- 
tion. In the absence of external drive to the sheet, v, becomes 
negative and may be treated as the slip. This is given by 


v, =v, — v, cos 8) 
(4) 


Similarly v, = », sin 8 


The corresponding forces F and F’ will have components along 
the direction of motion of the copper of value Fcos@ and 
F’ sin 0. The first will be a driving force and the second a braking 
force, so, assuming no other losses, the speed v, will be given by 


Fcos 6 = F’ sin 8 


or = = tan 0 
4w v, 

or from eqn. (3) > = = fan 
PD % 


and from egns. (4) 


v, sin 6 72 ey 
1 
whence %= oe —————\... . 65) 
1+ tan? 
4w 


In this expression v,/cos @ is the ideal speed; the expression in 
yrackets evaluates the loss in speed due to braking effects. 
[his factor can clearly be minimized by making p/w small, as 
vould be expected on physical grounds. 

Fig. 7 shows v,/v, as a function of 1/cos 6 for various values 
f p/w, calculated from eqn. (5). Fig. 8 shows the maximum 
alue of v,/v, plotted against w/p. From these curves it may 
ye seen that w/p should not be less than 4 if speed changes 
yf the order of 2:1 are envisaged. For the first machine to 
vhich Fig. 4 relates, the maximum speed increase was 2:1 : 1 
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Curve plotted 
from Eqn. 5 


Curve plotted using 
approximation (Ve/¥s) max=v(W/p) 


w/p 
Fig. 8.—Theoretical maximum speeds as a function of w/p. 


and w/p was 4. This is shown by a cross in Fig. 8 and is in 
fair agreement. The curves of Fig. 7 illustrate the cause of 
failure in the very early experiments; they were made with 
plw = 1 with 1/cos @ in the region of 6. On Fig. 8 is plotted 
a curve of (v./¥,)max = V (wip), and it may be seen that this 
agrees closely with the curve plotted from Fig. 7. It follows 
that 4/(w/p) is a good approximate evaluation of the available 
speed range. 

So far, the discussion of edge effects has centred on the pole 
ends, without reference to effects at the beginning and end of 
the stator array. Magnetic field is generated at the beginning 
of the array, travels along it, and then disappears at the end of 
the array. No mathematical approach to the evaluation of this 
effect has yet presented itself; experiments have indicated that it 
is much less important than the pole-end effect, and it will be left 
for the present. Mii 
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(4) DESIGN OF AN EXPERIMENTAL MACHINE 


The first machine used a plain copper disc and the efficiency 
was correspondingly poor; about 0:1% was estimated, with 
sensibly all the loss in the stator copper. It was therefore decided 
to make a second machine in which some more reasonable 
efficiency might be achieved. Two factors contributed to the 
low power output of the first machine: the large air-gap and the 
low speed at which it operated. The rotor had an outside 
diameter of 1ft and the stator sections were 1:5in square. The 
stator could not be made appreciably bigger because the surface 
speed of the copper, being proportional to radius, would have 
varied too much between the inner and outer edges of the 
stators. Furthermore, when the stators were angled in to 
increase speed, this situation was aggravated, and when @ was 
equal to arc tan 0-15 the inner edge was aimed direct at the centre 
and so could not contribute any useful torque. Since we have 
seen that w/p is required to be not less than 4, this gave a 
minimum of four poles across a 1-5in stator or a pole pitch of 
gin. At 50c/s this made v, 374in/sec. The mean radius of the 
disc under the stator was just less than Sin, yielding a periphery 
of about 30in, so that, allowing for slip, a rotation speed of only 
about 1ir.p.s. was to be expected with @ = 0. Apparently the 
motor is better suited to higher frequencies than 5Oc/s, and it 
was decided that the next model should operate on about 500c/s. 

The next line of attack was reduction of the air-gap. Assuming 
for the moment that iron can somehow be incorporated in the 
rotor, magnetizing current and stator leakage can both be 
reduced if the air-gap is made small, and leakage can be reduced 
by using a pole pitch that is large compared with the air-gap, and 
by spreading the windings. The stator copper loss can be reduced 
by increasing the pole pitch with a given pole-pitch/slot-depth 
ratio and a fixed air-gap. These well-known factors all call for 
a large pole pitch, whereas the w/p « 4 requirement, coupled 
with the limitation on w imposed by the disc radius, sets an upper 
limit to p. On these grounds a disc of large radius should have 
been used, but practical considerations indicated that about 6in 
radius would be as big as was reasonable. It was therefore 
decided to use 2:lin x 2:lin stators with 10 slots carrying a 
4-pole winding, as shown in Fig. 9. 
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Fig. 9.—Practical arrangement of stator coils. 


The next problem was the rotor design. 
conduct in all directions. 


This is required to 
A normal squirrel cage is useless, 
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poles no matter what the angle of the stator may be. This is 
illustrated in Fig. 10, which shows that the induced e.m.f.’s in, 
conventional squirrel-cage rotor bars would be such as to result. 
in no current when the field direction is at the angle shown. 


NS 


Fig. 10.—Induced e.m.f. pattern in squirrel-cage rotor. 


Clearly, conducting paths, as shown by the broken lines, must. 
be provided in order that rotor current may be allowed to flow. 
After several abortive attempts to produce a laminated rotor, it 
was ultimately decided to use a 4in-thick copper disc of 1ft 
diameter impregnated with 4in-diameter iron rivets driven into. 
holes drilled through the disc; 1 200 such rivets were inserted 
as shown in Fig. 11. Both faces were then machined flat. The 


since the eddy currents must always be able to flow under the Fig. 11.—The first experimental machine embodying iron in the rotor. 
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rivet spacing and size were set by considerations of pole pitch, 
mechanical strength and workshop effort. 

_This rotor was set up in the machine shown in Fig. 11, pro- 
vision being made to use the stator coils of Fig. 9 or any other 
stator coils not greater than 2-lin square. The stator coils could 
be rotated individually in their holders to enable them to be kept 


in line at any value of 6. Supplies for the machine were arranged 
at 150c/s and 600c/s. 


(5) EXPERIMENTAL RESULTS 


The variation of speed with stator angle was tested first. The 


150c/s supply was used because at maximum speed on 600c/s 
(about 2 400r.p.m.) the unbalanced insecurely-mounted disc was 
judged to be unsafe. The results are shown in Fig. 12. As was 
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expected, the speed range was about 2: 1, and it may be seen 
that at minimum speed the slip was quite small. 

Next, speed/torque curves were taken with the machine set to 
minimum speed, the 600c/s supply being used to give maximum 
power output. The results are shown in Fig. 13. This diagram 
shows the sort of characteristics expected of an induction motor: 
and standstill torque is less than the maximum torque, and the 
standstill input power is less than the maximum power. The 
efficiency is still poor, being of the order of 40% only, but it is 
sufficiently good to enable the sources of loss to be reasonably 
allocated and related to power output. 

Thus at maximum power output, the input power per phase 
was distributed as follows: 


watts 

Power input ot S22 

Mechanical output ‘ 20-9 
(including friction and windage) 

Balance F 31-3 


Of the 31-3 lost, 21 watts were lost in the stator copper. 

It may also be deduced that stator leakage and magnetizing 
current are much too high. Bearing in mind that the larger a 
machine is made the easier it becomes to obtain good values for 
stator copper loss, magnetizing current and leakage, these results 
were thought to be encouraging and to indicate that there was 
no serious loss due to the stator array end-effects referred to in 
Section 3. The broken curves in Fig. 13 show similar results 
with the stators turned through about 40° to give a 30% increase 
in speed. The torque and input-power curves are seen to be 
similar in form, and the maximum power output and maximum 
efficiency are not noticeably reduced, but they occur at higher 
speeds, as expected. When, with the machine running light, the 
stators were smartly returned to the 0 = 0 position, the watt- 
meter reversed, indicating regenerative braking and illustrating 
the possibility of variable-speed induction generation. 

The final set of experiments was concerned with pole end-effects 
and array end-effects. First one set of coils was disconnected on 


900 
Speed, rp.m. 


Fig. 13.—Performance curves of the experimental machine. 
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each stator (see Fig. 9), leaving only coils 1, 2 and 3 operative. 
If array length was important this should have reduced the speed 
range: it didnot. Next, stators were made up as shown in Fig. 9, 
giving p/w values of 4, 4 and 4. The speed range was checked 
for each set, and the results are shown by the numbered circles 1, 2 
and 3 in Fig. 8. Agreement is good for the first two but poor 
for the third. This is not surprising, since the last set had a 
pole pitch smaller than the rivet spacing in the rotor and the 
winding was not spread. Furthermore, at the maximum speed 
the inner edge of the stator was aimed straight at the centre of 
the disc. 


(6) COMMENTS AND CONCLUSIONS 


The paper is intended purely as an early statement of an 
observed effect that is believed to be novel, and it would be 
inappropriate to discuss at length its possible practical applica- 
tions until more information is available about efficiency, con- 
struction costs, maximum speed range and so on. The main 
conclusion is therefore that the effect exists and that its charac- 
teristics are at least qualitatively understood. The secondary 
conclusion is that further exploration of associated phenomena 
and their possible utility is worth while, and this is proceeding. 

Since it is possible to make a variable-speed induction motor 
using the effect, and since it has been shown that such a machine 
can also be used as an induction generator, presumably all the 
properties of the normal squirrel-cage induction machine have 
their equivalent in the new machine. It has been found, for 
example, that given a start the machine will operate on single 
phase and still exhibit variable-speed properties. 

In the case of the disc machine it may be noted that the speed 
achieved is independent of the sign of 8; thus with a pair of 
stators, one on each side of the disc, it is permissible to turn one 
clockwise and the other anticlockwise, so that the travelling 
fields have an angle 20 between them, instead of remaining 
parallel (see Fig. 14 for 6 = 45°). The resultant of these two 
travelling fields is a chequer-board pattern, as shown in Fig. 14, 


V5 vs /cos @ 


Fig. 14.—Effect of two fields moving in different directions. 


travelling along the bisector of the angle at velocity v,/cos 0. 
This mode of operation has the advantage that the force remains 
directed tangentially, but the eddy paths are different and the 
resulting torque is less than when the fields are maintained 
parallel. 

The disadvantages of the disc machine have been outlined in 
Section 4, the main one being the change in surface speed with 
radius, which limits stator width, and this in turn limits pole pitch, 
since w/p must be large. Some easement of this restriction can 
be obtained by changing from disc construction to barrel con- 
struction, which, since it has been almost universally adopted in 
contemporary machines, must carry many other advantages also. 
In normal machines cylindrical barrels are used, but with these 
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the stator poles cannot be rotated about the relevant axis withou 
fouling the rotor. Spherical barrels are free from this defect, a 
will be seen from Fig. 15, which shows a rotor and on¢ set of stato 
windings in position. A machine of this type is in course of coni 
struction, and it is expected that it will show much greater effi 


ciency than the disc. For a given rotor radius a pole-width ou 


Fig. 15.—Arrangement of rotor and stator in a spherical machine. 


to the radius can be employed with only a 12% variation et 
surface speed under the pole. Thus much bigger pole structun 
will be possible, resulting in lower stator copper loss and a bigger 
pole pitch with its attendant higher speed. Furthermore, the 
relative size of the gap will be less, so that leakage inductance wi 
be reduced. With this machine it should be possible to form 
better opinion as to the practicability of the device. It is amusin 
to note that with two stator assemblies set at different angles, one 
motoring and the other generating, it should be possible to do 
back-to-back tests on a single machine. | 
One other feature of this type of machine that may be of value 
is that by suitable arrangements the stators may be made self- 
adjusting for optimum effective gear ratio. This is most easily 
explained in the case of the disc machine, where it can be arranged 
that the line of thrust produced by the stator passes to one side 
of the axis of stator rotation, as shown in Fig. 16. Stator reaction 


Stator pivot 


Fig. 16.—Disc machine arranged for optimum gear ratio. 


will therefore drive the stator towards the low-speed high-torque 
condition. If the stator is driven away from this position towards 
the high-speed position by a spring, the stator angle will adjust 
itself to that position in which stator reaction and spring effect 
are equal and opposite. This condition will be a function of 
disc speed, and as the disc speeds up so the stator will rotate 
towards the high-speed position, maintaining acceleration under 
conditions of constant power as set by the spring tension. This 
property is not present in ordinary induction motors, where 
acceleration is a considerable function of slip, and where the 
input power varies widely during run up from, say, half speed to 
full speed. ean 


e~ 
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(8) APPENDIX* 
(8.1) Calculation of Approximate Relative Size of eg Sean 
and Braking Forces 
Referring to Fig. 17, a sheet of copper is constrained to move 


in the direction indicated at a speed Vq under a single pole N 
of length p/2 and width w. 


Fig. 17 


Consider the strip AB of width dy at a distance y from the 
centre line PQ. The e.m.f. induced along this strip will be 


pBvu 
Ye 4 
2} 
Assuming that this e.m.f. is wholly expended in overcoming the 
: : 20d: ; ; 
resistance of the strip, a current ae = oBv,dy will flow in 


the strip, where o is the conductivity of the sheet at the thickness 


considered. 
The braking force due to this current will be 


cas 


f= Ee oy tn ping (0) 


The return path of this current will be distributed over the copper 
sheet. The current distribution will be assumed to be the same 
as that produced by a point current-source at one end of the 
strip and a point current-sink at the other, acting in a thin 
sheet. 

The return current density J at any point on the centre-line 
RT distant x from AB will then be 


P 

_ Bu, 4 

Wa 
"lO 


The return current flowing across the middle part of an 
element A’B’ of width dx is 


Jae = dy<4) —? __| dx 
Cae 


* As a result of the discussion following the presentation of the paper in London, 


this Appendix has been entirely rewritten. 
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and since the whole of this current must cross the pole, though 
not in a straight line, it will give rise to a driving force 


Hee dyopB*v, AG ieee a 


bet: oa ay cee: 


and the total driving force due to the return current from the 
element AB will be 


yt+(w/2) 
__ dyopBv, D 
h= Se me pt ae dx 
(3) +* 
y—(w/2) 
w w 
Se = Vea: 
SPE tan—! en\es tan! ames d. 
27 P P t 
4 4 
(7) 


Using eqns. (6) and (7), the net braking force due to the element 
AB will therefore be 


q E —tan—! (2) + tan—! ee) dy 


and the total braking force will be 


op Bv 
2a 


Tigres 


+w/2 


(f, 


—w/2 


= fod = 


op Bv 


rw — are) + [1 + GY} 


This expression may be seen to consist of two parts: 


(i) the braking force 
opB*v,w 


F= 5) 


due to the forward current of the elements such as AB, and 
(ii) the smaller driving force 
By 
Fy = — sf 20 tan (— ~) 5 


Dp 


In a practical case we do not have a single pole as in Fig. 17, 
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but an array of poles as in Fig. 18. The total force on the 
centre pole in this Figure will now be calculated. The forces 
due to currents initiated under the centre pole will be as for the 
previous case. Any one of the remaining poles can be split up 
into elements such as AB of Fig. 17, and each such element will 
give rise to a forward current and a return current. Some parts 
of the return currents will intersect the centre pole and give rise 
to forces on it. These return currents will once again be 
regarded as due to a current source and a current sink, and one 
set of such current sources and sinks is shown in the Figure. 
If now these sources and sinks are not taken in the pairs in 
which they originate, but in pairs symmetrical about the line RT, 
the equation previously calculated for the effect of return 
currents still applies, there being, of course, in this case, no 
contribution from the forward current. For example, for 
those such as the first pair D and E in the Figure, distant 
3p/2 apart, the force on the centre pole due to the return cur- 


rents Is 
3p 4wy2 } 
— Plog [ z: le | 


Pat aw heres (=) 


and this is a driving force. 


FF, = 


WILLIAMS AND LAITHWAITE: A BRUSHLESS VARIABLE-SPEED INDUCTION MOTOR 
The current due to the second pair, F and G, distant Sp/2 | 


apart, is 
2 
ree(ow an (55) — Feet + (5) | 
{2» tan 3 rr g Fi 
and this is a braking force. 
The new dipoles must, of course, always be taken in pairs | 


4 = 


because the first pair cannot exist without the second. Additional | 
poles introduced in pairs, one on each side of the centre, can be | 
Thus it is possible to evaluate | 
the braking force F’ on the centre pole for any given case in the | 


allowed for in a similar manner. 


form 


Fo = Ff, — Fs hs ee 


This has been done for a number of practical cases and it is | 


found that in all these cases 
Few op*B*v, 


8 


Thus the ratio of the driving force F as calculated in Section 3 | 


and the braking force F’ as above is seen to be 


DISCUSSION BEFORE THE UTILIZATION SECTION, 9TH DECEMBER, 1954 


Prof. J. C. Prescott: The authors have introduced to us a 
new and most interesting form of induction motor. The theory 
of its operation can be stated briefly by saying that there will 
be no induced currents in the disc and therefore no driving 
torque if the linear velocity of the disc under the stator element 
has a component equal in magnitude to, and in the same direction 
as that of the advancing field produced by the polyphase currents. 
This condition of zero torque will define the synchronous speed. 
Thus, in Fig. A, if v, represents the velocity of the field in mag- 


Fig. A 


nitude and direction and OP the direction in which the disc is 
constrained to move under the stator element, then at syn- 
chronism the disc must have a component of velocity in the 
direction of v, and equal in magnitude to it, such as v,. But the 
disc is moving along OP, so we must combine with vu, a velocity 
v, at right angles to v’, to give the disc velocity Dec This velocity 
will be greater than 2, if the angle @ is greater than zero. Ifa 
torque is to be produced there must be some slip and v, must 
fall below v, for motor action, but v, may still exceed v,. The 
motoring torque is a function of Ot) The braking torque 
is shown by the authors to be proportional to v,. 

We see, then, that as the disc speed is increased by increasing 
the angle, the braking torque, which acts in such a direction as 
to oppose v,, also increases and comes more nearly to oppose 
the disc velocity v,; thus the power dissipated by this braking 
torque would appear to increase rapidly with increasing 0, and 
should cause a lowering of efficiency with an increase in synchro- 
nous speed. Fig. 13 does not show this effect, however. If I 


interpret it correctly, the full curve represents conditions where 0 | 


is zero and the braking torque zero also, while the dotted curves 
are appropriate to the case where 8 = 40° and when a braking 
torque must exist. Yet the maximum efficiency is rather lower 
in the first case than it is in the second, and this would appear to 
require some explanation. It may be that the effect expected 
is masked by the high stator copper-loss, which is some 40% 
of the maximum power input, or that the impregnating iron rivets 
modify the disc currents which produce the braking torque. 

Various opinions will be held as to the usefulness of the motor 
as a source of anything but small amounts of power. Even with 
the spherical rotor a frame size larger than that of a conventional 
induction motor would be required for a given output, and the 
mechanical difficulties arising in the construction of the machine 
would be considerable; not the last of these would be the provi- 
sion of an adequate magnetic circuit. It is possible that these 
difficulties can be overcome; if they can, we should be able to 
obtain an induction motor with a wide range of speed control 
and good efficiency over the range. 

Mr. G. B. Alvey: This new motor is of particular interest 
because the rotating member is, apparently, of robust and sound 
mechanical form and thus unlike most variable-speed motors 
which are complicated by insulated rotor windings and com- 
mutators or slip-rings. 

Alternating-current commutator motors have become estab- 
lished for low and medium speeds, but in general, they are 
unsuited for the high speeds and high powers now required to 
drive large centrifugal pumps, turbo blowers, turbo compressors, 
etc. For such purposes motors at 3000r.p.m. up to about 
5 000h.p. capacity are now often required, and variable speed is 
sometimes an advantage. If this new motor could be developed 
for high-speed working, and for powers of this order, it would 
fulfil a real need, and I should like to ask the authors whether 
they think this is possible. 

Another good use of this new motor would be where the 
atmosphere is contaminated with dirt and chemical fumes which 
are detrimental to the performance and reliability of the com- 
mutators and slip-rings of commutator motors. 

Variable-speed squirrel-cage induction motors are now built in 
accordance with the principle established by Boucherot about 
1894. By a suitable design of double-squirrel-cage rotor winding 
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an induction motor can be given a drooping torque/speed 
characteristic, i.e. at standstill the torque developed is a maximum 
falling away as the speed increases. Such a motor can have its 
speed varied by varying the voltage applied to the primary 
windings by an induction regulator or other device. These 
variable-speed squirrel-cage motors have characteristics similar 
to those of slip-ring machines which have their speed varied by 
external rotor rheostat. They have an unstable speed/load 
characteristic, which is sometimes a disability, and in this respect 
the new variable-speed squirrel-cage motor described by the 
authors appears to have an advantage. 

Many variable-speed squirrel-cage induction motors operating 
on Boucherot principle have been supplied in recent years for 
driving high-speed centrifugal pumps, and for this duty the fact 
that the “slip” energy is wasted is not of great importance 
because usually the power absorbed by the pump falls very 
rapidly with reduction in speed. A typical instance is a 150h.p. 
4-pole motor operating from a 50c/s supply driving a centrifugal 
pump. At the top speed of 1451r.p.m., the power required is 
148h.p. and the efficiency is 90:6%. Ata speed of 1350r.p.m. 
the power required has fallen to 125h.p. and the efficiency is 
82-75%. At the lowest speed for which the equipment was 
designed, namely 1160r.p.m., the power is 82h.p. and the 
efficiency 71 °%. 

If this new motor is to be a commercial success it will need to 
compete on the grounds of reliability, first cost and efficiency 
with existing types of variable-speed a.c. motors, including com- 
mutator motors and Boucherot-type squirrel-cage induction 
motors. 

Prof. G. H. Rawcliffe: By turning the poles the authors have 
surely obtained the same effect as if they had moved them in and 
out along a radius. Conceivably it may be more convenient to 
turn the poles, but on the other hand you do inevitably introduce 
a braking effect. If you move them in and out you will have 
either no braking effect or a much smaller braking effect. In 
Fig. 4 the authors plot rcos 6 against time—I suppose it was 
really r cos 6 for a fixed r—but it would have been interesting to 
see what effect would have been obtained if the authors had 
chosen fixed values. of cos 8, and changed r instead. I should 
like to know whether the authors have any experimental results 
for the comparative effects of reducing effective radius by turning 
and by lateral motion, because my impression is that reducing 
radius by lateral motion would be less liable to give a braking 
effect. 

The authors have examined the consequences of the end-effects 
of the poles and of the array, but do not record the consequences 
of edge-effects in the disc itself. It would be interesting to have 
their comments on this. 

I was slightly puzzled by the statement that w, the width of the 
poles, had to be limited, and that if w became too big something 
would go wrong. I take it that this simply means that the line 
of action will be directed on to the other side of the axis and will 
therefore give negative torque, but I should like to know whether 
there is anything more in the authors’ minds, and whether 
broadening the width of the poles would have any other unde- 
sirable effect apart from directing part of the poles on to the 
wrong side of the pivot. 

There are several obvious errors in the Appendix which call 
for correction, but—more important—I have not found the 
Appendix clear because the basis of the calculation is not 
explained. One cannot calculate the value of the effect which is 
shown in Fig. 6 except upon some assumptions. What are the 
assumptions behind the Appendix, and what is the basis of 
calculation? 

There is also a misleading sentence in the Appendix which 
reads ‘“‘For the accelerating-force considerations, the quantities 
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d and w’ are effectively interchanged . . .” If you effectively 
interchange them in F’ you do not get F. It is clear that whilst 
the results are correct in the range over which the authors use 
them, they cannot be correct beyond that range. If (p/w) =2 
a square pole results, and F must be very nearly equal to F’, 
whereas the Appendix would give (F/F’) = 2. Therefore the 
lowest two curves in Fig. 7 must be somewhat hypothetical 
because that for (p/w) = 2 would plainly be wrong, since the pole 
would be square and F would be equal to F’. If the basis of the 
calculations in the Appendix were to be explained, and the errors 
corrected, something would be added, because the real novelty 
of the theory is the treatment of the ratio of F to F’. 

I observe that in the latest form of the machine, there is one 
pole covering about a quarter of the periphery, and it seems to 
me that there would be no objection at all to putting four poles 
round the periphery, and more or less enclosing it. Have the 
authors the intention of putting more than two poles round the 
spherical rotor? It would be interesting to have a brief account 
of the construction of this “‘spherical’’ rotor and poles. 

Whether the machine will have an industrial application is 
another matter, but if anybody can invent a variable-speed a.c. 
motor which has no wasteful losses and no sliding contacts, it 
will be the end of d.c. systems altogether and will completely 
revolutionize electric power drives. Therefore, although this 
machine is a long way from industrial application, I think never- 
theless that a brushless variable-speed induction motor is a prize 
well worth chasing. 

Dr. E. Friedlander: If the lines of the paper are followed up to 
the point where the authors derive first the forces F and F’ in a 
primitive way, and if those equations are used rather than the 


more elaborate calculations of the Appendix, this leads to ~ =] 


in eqn. (3), which, inserted into eqn. (5), gives just the eqn. (1) 
which has been found experimentally not to be valid. From 
this consideration it seems that the “edge” effect is essential for 
the motor to work as demonstrated. Without the greater 
difference in path resistance with respect to the two axes, the 
motor would slow down rather than speed up with increasing 
angle of displacement of the stator. 

The authors hope that reduced leakage will help them. If the 
motor is visualized as being split up into two components, one 
being an ordinary motor which works at a low slip and the other 
one working on short-circuit, a different conclusion suggests itself 
—so far as the effect of leakage is concerned. The torque of a 
squirrel-cage motor which operates at low slip and high speed is 
little influenced by leakage, whereas the torque of a motor which 
works near its starting point is mainly limited by leakage. I 
should, therefore, not be surprised if the authors found that 
increasing the leakage in that axis which contributes to the 
braking torque must be very beneficial. 

It is a pity the authors have not mentioned the motor built with 
a variable radius—which they thought would be too obvious to 
quote. It would have been interesting to compare both types. 
I have come across the problem of the motor with variable 
radius about twenty years ago when I was asked to investigate a 
3-phase induction heater which was manufactured roughly along 
the lines of the stator used by the authors. In order to get rid 
of the forces which on that heater were detrimental, we had to 
reverse the phase sequence on half the conductors. This sug- 
gested that one could build a variable-speed induction motor by 
using a stator as explained by the authors and fitted with variable 
radius. The suggestion proved not to be new, since the existence 
of an earlier German patent specification was disclosed which 
illustrated precisely the same device. The design was not 
followed up at the time. Experimental verification on the lines 
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of the disc-rotor construction proposed by the authors may, 
however, still be worth while. 

Mr. W. Hill: I think this is the first time that we have had a 
type of induction motor which gives an efficient method of 
speed control. There has been one other attempt, which was 
not really a type of variable-speed induction motor, to produce a 
variable-frequency supply, and that was achieved by means of 
an alternator employing a rotor within a rotor within a stator. 
It produced a very large machine which has never been used 
commercially. 

The authors have produced the first type of variable-speed 
induction motor ever made. The original induction motor 
started as a disc machine about 70 years ago, so there is no way 
of saying how far this particular machine will go. If there is 
an application for an efficient machine to give an infinitely- 
variable speed function, the manufacturing industry will evolve 
an efficient and economic way of building it. 

I would point out one requirement if this machine is to work 
at all. From Fig. A it will be seen that it is absolutely necessary 
for the current to flow in the direction of v,. In the ordinary 
disc you always have a path in that direction for the current to 
flow, but in the induction motor the stator field and rotor field 
must have the same speed in space. If that does not occur you 
will not get any useful torques. 

We have seen enough to suggest that this machine should 
have a name. The authors have anticipated me by saying that 
it is like a sailing craft skimming over a lake at a speed much 
faster than that of the wind itself. That, of course, is due to the 
so-called wedge action of the sail and keel, and it is felt that this 
machine might perhaps be called the ‘“‘wedge machine.” 

One thing which I found a little difficult to follow is that the 
speed in Fig. 13 is 1 200r.p.m. when, by all the rules and regula- 
tions, it should be somewhere around 900r.p.m. In Fig. 10, the 
induced e.m.f. in the squirrel-cage motor will give some residual 
current with very little torque, but there is of course a position 
where it is true. 

One point in which most designers of squirrel-cage machines 
are particularly interested are large harmonic dips in the 
speed/torque curve, and it might repay some investigation to 
ascertain whether or not there might be some harmonic dips 
which in a machine for high outputs would cause crawling and 
thereby make it useless. There is a big gap, in Fig. 13, of 
experimental data between the torques at about 400r.p.m. At 
the same time, slot harmonics which have a big influence in 
induction motors can be discouraged completely because there 
is another dimension in which to provide means of cancellation 
of the slot-opening effects. 

Induction motors having between 30 and 80 poles will always 
mean large magnetizing current, but if variable speed is the effect 
that is required, all difficulties can be overcome and there will be 
a future for it. 

Mr. O. I. Butler: It is somewhat surprising to hear of the 
recent upsurge of interest in “linear’’ 3-phase motors, in connec- 
tion with the launching of aircraft. It may be of interest if I 
mention that the idea of “linear” 3-phase motors was being 
discussed in 1905.* It was called the “tangential traction 
system,” and was patented in Belgium over 50 years ago. It used 
40ft passenger coaches as the secondary of an induction motor, 
with the primary windings fitted to polar projections on the 
track at about 40ft intervals. 

Everyone will agree with the desirability of using the normal 
cylindrical construction of induction motors. The extent of the 
ultimate application of the principle given in the paper appears 
to depend more on mechanical rather than electrical ingenuity, 


* WILSON, H. W.: “Electrification of Railways,’? Transactions of the Liverpool 
Engineering Society, 1905. 
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in solving an electro-mechanical problem. Evidently in order’ 
to obtain a change of speed, it is necessary that the motion of | 
the secondary circuit shall be constrained to, say, one fixed 
direction, whilst the direction of motion of the primary field shall) 
Does this involve a com- } 


be adjusted to some other direction. 
plication in the use of the normal slotted-rotor construction, even | 


with a spherical rotor, utilizing circular core plates? In this | 


case, the flux in the vicinity of the conductors is constrained to 


the plane of the rotor, i.e. to a constant plane, irrespective of the 
movement of the stator system. However, there is still a “bend-| 
ing’ of the flux in the air-gap and slots, and the effect of the | 
core plates may be of secondary importance only, if of any | 


consequence. 
Is it not possible to commence with two sources of the primary 


field, having different directions of motion but with the actual | 


field sources fixed in space? An effective change in the direction 
of motion of the resultant field is then achieved by weakening or 
strengthening one of the component fields. At first sight, it 
seems that the practical difficulties will prevent this being 
accomplished, 

The new motor is similar to the shunt-wound d.c. motor, in so 


far as it gives speed increase at constant power above a rated | 


minimum speed. The latter speed, for 6 = 0, appears to give 
optimum overall performance of the new motor. 


motors so far as a decrease in speed below the optimum speed is | 
concerned. However, the optimum speed is so low with a 50c/s 
supply that most practical applications will require an increase 
of speed. In this case, it appears that the torque/speed charac- 
teristics are such as to result in a decrease of the ratio of full-load | 
to no-load speed, with consequent increased heating of the 
secondary circuit. Thus, it may be that the permissible per- 
centage of speed increase is restricted by this consideration. 
Nevertheless, it is quite certain that the motor should be users 
for many practical applications. 

Dr. David Morris: I have had difficulty in appreciating the! 


Evidently, the | 
motor is subject to the difficulties of conventional induction 
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significance of the Appendix, partly in respect of the details of 


the analysis, but mainly because the study of the forces on an 
infinite conducting plane moving adjacent to an isolated pole 
appears to have little relationship to the more relevant idealized 
systems of Figs. 5 and 6. From a study of Fig. 5 (in which 


P =4w), once p < 4w any further increase of the number of 


poles in a given length might be expected to have very little 
effect upon the driving force, because the resistance offered to 
the circulating current consists mainly of the resistance of the 
path under the pole, and end effects are very small. From a 
study of Fig. 6 for a given area of pole system, the length of the 
current path in which e.m.f. is generated is proportional to p, 
whereas the resistance of the path is likely to be inversely propor- 
tional to p, because most of the resistance is in the transverse 
section between the poles, and decrease in the pole pitch would 
constrict this section. From these considerations it would 


Motion of field ——>~ 


Fig. B.—Finite conductor in infinite magnet. system, 
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appear that once p becomes less than 4w, the factor relating the 
longitudinal driving force to the transverse braking force is likely 
to be proportional to (w/p), rather than to the quantity (w/p) 
derived in the Appendix. Information concerning further tests 
would be valuable, because the reliable results quoted in the 
paper do not suffice to establish experimentally the index to be 
attributed to (w/p). 

One of the most fundamental diagrams in the paper is Fig. 2, 
showing an infinite conducting plane moving adjacent to a finite 
magnet system. An interesting variant for consideration is a 


finite conductor moving adjacent to an infinite magnet system. 


Fig. B illustrates a particular case in which the finite conductor 
is a rectangular coil with sides equal to the pole pitch and to 
twice the pole pitch. In aspect A, the coil, if free to move, 
would travel at synchronous speed in a direction perpendicular 
to the pole edges. If constrained to move in the same aspect 
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along the dotted line as at B, the speed along the dotted line 
would be greater than the above-mentioned synchronous speed. 
There is no transverse braking force. A variable-speed induction 
motor operating on torque control is possible if the aspect of the 
coil is made variable, as at A, C and D. Alternatively, high 
starting torque could be obtained as at E. For embodiment, the 
secondary coils would have to be placed in a spherically concave 
pole as used by the authors, with the supply connected to a 
wound rotor. 

The authors’ suggestion that their machine has all the desirable 
properties of the normal squirrel-cage motor is not true in one 
important respect. In main principle, an ordinary induction 
motor when running without restraint will have no loss in the 
rotor. Except when 0 =0, there is no speed at which the 
machine as described by the authors will run without loss in 
the rotor. 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Prof. F. C. Williams and Mr. E. R. Laithwaite (in reply): We 
are deeply indebted to the several contributors to the discussion 
who drew attention to the Appendix, for in process of recon- 
sidering this we discovered in it a major error not exposed by 
the discussion. With the concurrence of The Institution the 
Appendix has been withdrawn and a substitute has been pro- 
vided in the final version of the paper, and it is hoped that this 
will answer all the points related to the Appendix. The authors 
are also indebted to various contributors who have expanded 
and clarified the consideration of matters dealt with in the 
paper. Prof. Prescott’s Fig. A, with the attendant discussion, 
provides a valuable addition, and we think he is almost cer- 
tainly right. He predicts additional losses at angles other 
than 6 =0. He is also almost certainly correct in assuming 
that it was the high stator copper loss and the elementary nature 
of the experiment as a whole that masked this effect in Fig. 13. 
Later experiments with different apparatus have shown that this 
effect does exist. 

With regard to the Boucherot type of variable-speed motor 
discussed by Mr. Alvy, these are essentially variable-slip rather 
than variable-speed motors, and therefore necessarily have a 
limited speed range if efficiency is to be maintained at a high 
figure. The speed range he quotes in his example is a mere 20% 
reduction. Weare aiming at a bigger range but must admit that 
efficiencies of the order he quoted for his Boucherot machine 
have not yet been obtained. It appears in the light of the 
experiments made so far, additional to those quoted in the paper, 
that efficiency will be improved as size is increased, and we 
therefore foresee no difficulty in manufacturing 5 000h.p. 
machines. It does, however, seem improbable that 3 000r.p.m. 
will be achieved at 50c/s. A more probable top speed is 
1000r.p.m., with a 3:1 reduction available below this. Even 
these figures may be optimistic. 

We are unable to provide any information for Prof. Rawcliffe 
about the effect of variable radius. It has always been considered 
that the spherical arrangement is more promising, and the 
equivalent of variable radius in this case is extremely unattractive 
from a practical point of view. Our expectation that there would 
prove to be nothing new in the variable-radius arrangement is 
borne out by Dr. Freidlander’s reference to a patent on the subject. 

We have no comment at all to make about edge effects in the 
disc. It is, of course, expected that in any practical machine 
the available surface of the machine would be covered with 


stator pole sets. 


Dr. Freidlander is almost certainly correct in his belief that 
increased rotor leakage will yield improved performance. 
Throughout the paper the leakage referred to is stator leakage, 
and it is reduction of this which we expect to lead to improved 
results. So far as stator leakage is concerned there can be 
no differentiation between the driving and braking phenomena 
since a single stator winding provides both effects and all that 
stator leakage can ever do is to provide a reduction of effective 
flux density on load. We therefore believe that we are pro- 
ceeding correctly in attempting to reduce it. Rotor leakage 
was not referred to in the paper because the theory given relates 
essentially to resistive rotors, but we were already of the opinion 
that some rotor leakage would be beneficial, and, in fact, at the 
time the paper was read, preliminary experiments with the 
spherical machine had shown that results superior to those of 
Fig. 7 could be obtained by including rotor leakage. 

Mr. Hill’s suggestion that we should give the machine a name 
is under consideration. We think that in calculating the syn- 
chronous speed he has overlooked the fact that the effective 
radius of the stator is under Sin; 6in is the outside radius. 
It seems likely that the harmonic dips will be largely eliminated by 
the considerable skewing of the stator relative to the rotor. We 
are considerably encouraged by his optimistic attitude towards 
constructional difficulties. Our experiments show no evidence of 
any difficulty in rotor construction of the type envisaged by 
Mr. Butler. Our spherical machine uses the conventional core- 
plate construction and appears to operate as well as anticipated. 

The effect of combining two travelling fields at an angle to 
each other is touched on in Section 6, and it would appear from 
this that any attempt to obtain variable speed by varying one 
of the field strengths could only result in speed control of a 
variable-slip kind. The effects of speed variation on efficiency 
and heating have yet to be examined. 

Dr. Morris’s ‘“‘inversion”’ of the machine described in the paper 
is of considerable interest. Referring to his Figure, the speed 
variation obtained by the method summarized by A and B is 
essentially the method used in the paper, except that in his case 
the practical difficulties of terminating the field have not been 
considered. His cases (c), (d) and (e) obtain speed variation 
by slip control and are therefore necessarily inefficient. They 


correspond in this respect to the method of speed control which 


we demonstrated during the presentation of the paper, in which 
6 is varied about the 90° position and not away from zero. This 
also leads to a torque-control type of operation. 


DISCUSSION ON 


“THE TRANSIENT BEHAVIOUR OF LADDER NETWORKS OF THE TYPE 
REPRESENTING TRANSFORMER AND MACHINE WINDINGS’’* 


Dr. E. Friedlander (communicated): In his objection to the 
treatment of the transient behaviour of transformer windings by 
Rudenberg, the author assumes that the ladder network shown in 
Fig. 2 would give a true representation of a transformer winding. 
A cylinder winding or one layer of a multi-layer winding in a 
transformer is more akin to a smooth transmission line than to a 
ladder network because, in these windings, there is no distinct 
subdivision in a finite number of sections. A multi-layer winding 
cannot be reconciled with the author’s assumptions anyway. 
Apart from the terminal turn of a cylinder winding, it is not pos- 
sible to say where any turn begins or ends along the circumference, 
and the fact that adjacent turns are linked by a capacitance 
bridging a finite section of the winding does not convert the 
winding into a ladder network of the type shown in Fig. 2. How- 
ever, the difference between the electrical behaviour of a ladder 
network and a transmission line is just that the ladder network is 
sensitive to a limited number of critical frequencies, whereas, also, 
any intermediate frequencies may be transmitted on the smooth 
transmission line. For proving the superiority of its own con- 
ception the author would first have to show that the ladder 
network he considers is a better representation of a transformer 
winding than the transmission-line type of network assumed 
by Rudenberg. 

Dr. T. J. Lewis (in reply): Dr. Friedlander appears to mis- 
understand both the purpose of my paper and also the nature 
of my criticism of the work of Rudenberg. 

The paper attempts to provide a general treatment of a class 
of network which, in several variations, has been used to obtain 
the surge behaviour of different types of equipment; the trans- 
former being one such type. The basic element of the general 


* Lewis, T. J.: Paper No. 1691S, October, 1954 (see 101, Part II, p. 541). 
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network is shown in Fig. 2, and the several variations, to sui) 
more closely particular cases, are considered under later heading: 
in the paper. If Dr. Friedlander feels that a cylinder winding 
or one layer of a multi-layer winding is more akin to a smoot 
transmission line, the appropriate network is discussed in Sect 
tion 7.2.2. (I am doubtful on this point, however, and sugges} 
that Section 7.2.1 is more appropriate.) In fact eqn. (23) sum: 
marizes the conditions under which the subdivided network 
goes over to a continuous network without fundamental changes 
in network behaviour. This, in particular, was one point which 
the paper was intended to show. I cannot agree, therefore. 
with his statement that adjacent turns linked by a capacitani 
bridging a finite section do not convert the winding into th 
ladder network of Fig. 2. 

Concerning the differences in the frequency spectrum of 
subdivided ladder network and a transmission line, I cannot se 
his need to repeat these, since the differences are adequately 
stated in Sections 4.3 and 7.2.1. 

In conclusion, Dr. Friedlander has seriously misinterpreted} 
the relative merits of my treatment and that of Rudenberg. 
Both Rudenberg’s treatment, as given in Reference 14, and th 
criticism offered in my paper, start from exactly the same equi- 
valent circuit. The objections to Rudenberg’s work do not 
concern the circuit representation but the subsequent mathe- 
matical treatment. Thus there can be no question of the relative: 
merits of the two theories in the matter of circuit representation. 
As the title of the paper by Rudenberg indicates, a subdivided 
network is considered, and therefore both are of equal merit in 
representing a transformer winding. Dr. Friediander’s objection 
to the use of such a subdivided network is, in any case, imme- 
diately removed by reference to Section 7.2. 


DISCUSSION ON 
“FLUORESCENT DISCHARGE-TUBE CIRCUITS AND OPERATING PROBLEMS’’* 
NORTH-WESTERN UTILIZATION GROUP AT MANCHESTER, 13TH OCTOBER, 1953 


Mr. J. Martin: There are certain applications where the light 
from a tungsten-filament ballast lamp is required more for effect 
than efficiency, and it is an advantage in such applications to use 
an under-run ballast and thus eliminate the relatively large 
number of filament-lamp renewals required compared with tube 
renewals. By using a modified pre-heat quick-start circuit of the 
auto-transformer type, it is not only possible to use an under-run 
filament-lamp ballast, but, in addition, one of the normally 
expendable items—a starter switch—would also be eliminated. 
By this means the life of a tungsten-filament lamp is more or less 
brought into line with that of the fluorescent tube, and main- 
tenance is therefore correspondingly reduced. 

A typical example of this principle is the case of municipal 
illuminations, such as at Blackpool and Morecambe, where the 


* Cates, J.: Paper No. 1459 U, February, 1953 (see 100, Part II, p. 389). 


narrow elongated shape of the tubes is particularly suited to the 
lighting of set pieces, etc., while the ballast lamps are used remote 
from the tubes to illuminate ancillary decorative effects such as 
individual artificial flower-heads, etc. 

In view of the relatively short duration of these illuminations 
each year, the responsible authorities are much more concerned 
with the initial cost of the equipment than they are with the 
running costs, and the elimination of the choke and the capacitor, 
which are two of the most expensive components in the circuit, 
materially reduces the initial outlay. 

Will the author explain why electrophoresis is apparent with 
the longer tubes yet absent in short tubes on d.c. operation, 
since it would appear logical to assume that the mercury vapour 
would migrate more quickly to the end of the tube when there 
is only a short length to travel as compared with the longer tubes? 
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Users sometimes complain of early failures in fluorescent-lamp 
nstallations, and suggest more stringent factory tests. As a 
echnical executive of a leading manufacturer I can assure users 
hat our tests are very comprehensive; however, we have little 
ontrol of the lamps during transit, and whatever mode of 
ransport is employed, there is always the unavoidable possibility 
Mf rough handling, and the dropping on one end of a carton of 
ubes may cause considerable damage, even though no visible 
eakages are apparent. When a carton of tubes receives a bump 
Mf this nature, almost certainly some of the filaments at that end 


vill either become dislodged or broken, or in many cases the - 


laments become strained and distorted although not actually 
roken, and the weak spots thus created very soon become 
pparent by failure after the tube has been in use for a short 
ime. 

Mr. F. Topham: The author has demonstrated the superior 
tability of the fluorescent lamp using capacitive ballast, but the 
nost popular ballast is inductive. Is there a sound reason for 
his? It has been shown that the cube-shaped choke is more 
ficient. If capacitive ballast were used, would it not be 
yossible to design a rectangular condenser which would be 
nore easily accommodated in the lamp fitting, and not having 
he reduced efficiency experienced with a similar shaped choke? 

When using two or more lamps so as to reduce stroboscopic 
licker, is it necessary to house all lamps in one fitting or can 
djacent fittings be used? 

Mr. J. Tozer: A disadvantage of fluorescent lamps is the 
nnoying flicker which occurs when a fault develops or when a 
amp approaches the end of its life; it would be a great improve- 
nent if the lamp extinguished completely in the event of a failure 
n either the lamp or a component in the circuits. This is parti- 
ularly annoying when several lamps are controlled from one 
witch. I have been concerned with the installation of a con- 
inuous line of fluorescent lamps on either side of a turbine 
all about 300ft long. Although these lamps are controlled 
y instant-start switches, there is considerable flicker developing 
s the lamps approach the end of their life, and this spoils the 
ffect of what is otherwise a good installation. 

The earthing of fluorescent fittings is becoming increasingly 
nportant as the circuits develop. It is quite common to find 
nat an earth terminal is provided on the tray on which the 
ontrol gear is mounted, but that the tray is fixed to the body of 
1e fitting with only two 2 B.A. screws. The earthing of many 
istallations relies on a satisfactory contact between the body 
f the fitting and the cable conduit, which ensures that the body 
f the fitting is earthed. It would seem imperative to ensure a 
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reliable earth connection between the fitting body and the 
control gear, and I suggest that improvements are needed in this 
respect. 

Mr. J. P. Heslop: When presenting the paper the author showed 
a slide indicating the variation of light output from a tube. 
However, the slide did not show any values of light output, 
and I wonder whether the test was taken with an uncoated tube. 
I would expect that the persistence of the phosphor powders 
would have given much more even light output than that shown. 

The paper deals entirely with hot-cathode tubes. Have there 
been any developments in fluorescent tubes operating with cold 
cathodes for normal frequencies at the normal supply voltage? 

In Section 2 the author deals with the various features of 
chokes and has stated that a British Standard is in preparation. 
for this class of auxiliary equipment. The question of losses 
in cubic and elongated chokes has often arisen, particularly in 
connection with the computation of overall wattage of various 
sizes of lamp. While the British Standard is a manufacturing 
specification, it would prove of value to users of this type of 
equipment if the specification covered the losses of the various 
types and sizes of chokes. 

Mr. F. Hollows: The probable cause of flicker is bad contacts. 
Within the last few days, while inspecting a new continuous-line 
installation, at the first switch-on I noticed flicker on a few 
tubes. When the fittings were examined the cause was found 
to be bad contact at the starter switch sockets. It is always 
advisable during installation to check the manufacturer’s wiring 
connections, since contacts sometimes work loose owing to 
vibration in transit and installation. 

Mr. G. H. Davidson: Does the author consider the instant- 
start circuit preferable to the starter-switch arrangement or 
vice versa ? 

The efficiency of the filament-lamp-ballast scheme is stated to 
compare favourably with normal.tungsten-filament lighting, but 
the paper is really dealing with fluorescent-lamp circuits, and it is 
therefore the efficiency of the lamp-ballast scheme compared 
with the normal choke circuit which should be given. What 
are the overall efficiencies for these two schemes ? 

Regarding the operation of fluorescent lamps on supplies 
other than standard, what sizes of tube can be run from 110-volt 
single-phase supplies? Also, is it practicable to operate standard 
tubes on d.c. supplies in the 500-600 volt range, e.g. on traction 
or overhead-crane duties ? 


[The author’s reply to the above discussion will be found 
overleaf. ] 


NORTHERN IRELAND CENTRE AT BELFAST, 12TH JANUARY, 1954 


Mr. S. McCracken: I am surprised that the author should 
lake such favourable comment on the arrangement incor- 
orating a tungsten-filament ballast lamp, since the efficiency of 
lis arrangement is only 25 lumens/watt compared with the 
5 lumens/watt of the choke-ballast scheme. In fact, the tungsten- 
lament ballast can be justified only on grounds of reduced first 
yst and the lighter weight of the unit. It must be emphasized, 
owever, that the reduced first cost will ultimately result in an 
(penditure, for a given light output, very much in excess of 
at which would have been incurred with the most conventional 
10ke ballast, owing to the increased consumption. 

The author infers that the life of the tube will be seriously 
fected by instant starting, but in view of the increase in life 
nounced by the manufacturers since the paper was written, 
wonder whether he still holds the same views. The starter 
vitch has a much shorter life than the tube it controls; moreover, 
ery time a starter switch gives trouble it reduces the life of the 


tube, so that the life of an instant-start tube should not be less 
than a switch-start tube, and it does have the inestimable advan- 
tage that it will continue to function throughout its life without 
trouble—and that cannot be said for the switch-start tube. 

The author refers to the starting difficulties to be expected 
when operating under high relative humidity conditions. In 
this respect conditions could not possible be worse than those 
applying in a wet spinning room, and I have not experienced 
any particular starting difficulties under such conditions. 

Surely the suggestion to coat the tube with a thin layer of 
silicone varnish could be looked upon only as a temporary 
expedient more applicable to laboratory than to industrial 
conditions. 

I am surprised that the author has not made any reference to a 
simple resonant starting circuit consisting of a choke ballast 
with a capacitor and resistor connected in series across the 
lamp. It is appreciated that there are dangers associated with 


216 


such a circuit when used at normal power frequencies, but it 
has been used very successfully in transport lighting when 
operated at frequencies of the order of 400c/s. 

Finally, I should like to comment that control gear to operate 
a fluorescent lamp apparently successfully can perhaps be made 
more cheaply than the majority of equipment associated with 
this industry, but tests may well show that the lower cost is 
achieved only at the expense of high equipment losses, reduced 
lamp life, reduced light output, reduced reliability or more 
probably a combination of all these defects. The importance of a 
really good-quality choke cannot be over-emphasized, since a 
choke in a fluorescent circuit will not permit of adequate 
protection by a fuse. Under fault conditions the current in the 
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circuit will rise: in a choke-ballasted circuit with a Sft lam 
operated by a starter switch the current will rise from a ‘act 
value of 0-85amp to a fault current of, say, 1-3amp (act 

tolerance 1-1-6amp). The higher current will, of course, res 
in increased heating of the choke, and since a faulty lamp | 
frequently left in circuit for some time, a choke is requir | 
which will withstand this increased heating for that peric 
without breaking down or catching fire; however, the longs 
the period for which the choke design has to take care of th 
fault current, the more expensive the choke. What is a reasonabi 
period for the choke to withstand such faulty conditions? 


[The author’s reply to the above discussion will be fo 
below.] | 


NORTH MIDLAND UTILIZATION GROUP AT LEEDS, 13TH APRIL, 1954 | 


Mr. W. Rule: The bulk of fluorescent tubes offered and used 
carry electrodes designed to be heated before the initiation of 
the discharge, and should be used in conjunction with control 
gear so designed that tubes will not start until the electrodes have 
reached a suitable temperature. Control gear which does not 
conform in this respect is marketed, and in some there is not 
even provision for the heating of both electrodes. Such control 
gear would have a markedly adverse effect on tube life. 

The use of a 0:005uF capacitor to connect the strip of an 
instant-start tube to neutral was not appreciably less effective 
than direct connection, but a high-value resistor would be equally 
effective and would reduce any possible shock hazard. 


Mr. W. Waring: In Section 3.3 the author states that it : 
possible to use the same capacitor for all supply voltages over t 
range 200-250 volts by reducing the impedance of the series cho 
as the supply voltage is increased. In view of the wide man 
facturing variations found with capacitors as compared wit 
chokes, how may tolerance limits be satisfied for capacitiy 
ballasts ? 

With reference to the method of power measurement in pr 
heat instant-start circuits, it is my experience that the provisio 
of filament heating reduces the cathode fall in the arc, with : 
resultant increase in the arc current; measurements made wit 
no filament heating may therefore lead to incorrect results. 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSIONS 


Mr. J. Cates (in reply): In reply to Mr. Martin, the electro- 
phoretic migration of the mercury in d.c. operation tends to be 
counteracted by the diffusion of the mercury vapour. If the 
ambient temperature (and consequently the mean mercury- 
vapour pressure) is sufficiently high, the effect of diffusion is 
great enough to avoid end darkening in short tubes where it 
would be still apparent in longer tubes. 

As regards Mr. Topham’s question on the capacitive ballast, 
the twin-tube arrangement has the advantages of lower cost, 
high overall power factor and reduced stroboscopic flicker as 
compared with shunt-corrected inductive circuits, and there is 
no sound reason for having all circuits inductive. Where only 
a single tube is installed, since the cost of the single capacitive 
ballast is greater than that of the inductive ballast, the latter 
would tend to be used. Where the twin-tube circuit is employed 
for adjacent single-tube fittings, the stroboscopic flicker will 
depend on how the light from the fittings is mixed. 

Capacitors can be readily designed with the same cross- 
section as the choke; the capacitor losses are independent of 
the cross-section, but the cost is generally greater for an elongated 
type. 

The annoying flicker which, as Mr. Tozer mentions, occurs in 
the switch-start circuit when a tube fails is much less apparent 
in the instant-start circuit. It is agreed that reliable earthing of 
the fitting is important. 

The light output waveforms mentioned by Mr. Heslop are 
for coated tubes. There is an appreciable afterglow from the 
phosphor which results in a substantial light output at zero 
current during the cycle on a 50c/s supply; the ratio of minimum 
to maximum light during the cycle is about 0:4. 

Brief mention of cold-cathode tubes and circuits has, in fact, 
been made in the paper. It is not possible to operate these tubes 
directly on low-voltage supplies without a substantial step-up in 
voltage. 

The proposed British Standard does not specify limits for 
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choke losses, but it does provide limits for choke- corer 
rise. 

In reply to Mr. Davidson, the instant-start circuit has the 
advantage of rapid starting and reduced maintenance as com 
pared with switch start. As an example of the comparative 
efficiency of tungsten-filament-lamp and choke ballasts, the 
overall 100h efficiency for a 4ft 40-watt tube on a 230-volt 50¢/: 
supply is 27 lumens/watt for the lamp ballast and 46 lumens/wat 
for the choke ballast. 

The 18in 15-watt, 2ft 20-watt and 2ft 40-watt tubes can be 
operated directly on 110-volt supplies, while two standard 
Sft 80-watt or a larger number of shorter tubes can be operated 
in series on 500-600-volt d.c. supplies. 

In reply to Mr. McCracken, the tube life in a correctly designed 
pre-heat instant-start circuit is no less. than in a switch-start 
circuit. Starting is reliable at high humidities on switch-starting, 
and also on instant starting when using an earthed metallic 
strip on the tube. With a more remotely connected starting 
wire the instant-start circuit is less reliable, but a coating of 
silicone varnish on the tube improves reliability considerably 
and this coating is quite practicable for service conditions. 

I agree that the simple resonance circuit mentioned by Mr. 
McCracken is quite feasible for 400c/s supplies. 

As regards the ability of the choke to withstand continuous 
starting conditions, the proposed British Standard does, in fact, 
specify a temperature limit for this condition. 

With regard to the question of tolerance limits for capacitive 
ballasts, raised by Mr. Waring, the series capacitor can be 
manufactured to a tolerance of about +5°%. This results in a 
tube power-consumption tolerance only a little greater than with 
a choke, but this increase is offset by the smaller variation of 
tube power with supply voltage in the capacitive circuit. 

The method I have shown for tube power measurement in 
the instant-start circuit takes into account any alteration in ar¢ 
current. 
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SUMMARY 


The establishment of a carbide manufacturing industry in the 
United Kingdom has brought its own special problems for engineers 
and chemists to solve, and the object of the paper is to describe a typical 
factory deriving its electrical energy, which may be regarded as its 
principal raw material, from a thermal power station. 

The paper outlines the history of the carbide industry from the dis- 
covery of acetylene in 1836 until commercial production commenced 
in 1892, with some notes on the various investigations carried out in the 
intervening period. 

The development of the manufacturing process follows, from the 
early ingot or batch furnaces to the modern, for the production of “run” 
or “tapped” carbide, with a consideration of the chemical reactions 
involved. 

A typical modern process is then described in some detail. It is 
based on a factory which was built in the United Kingdom by the 
Ministry of Supply. The plant requirements for self-sufficiency are 
noted from the preparation of the raw materials, other than electricity, 
to the dispatch of the finished product. Some notes on furnace design 
are also given. 

The electrical distribution system is fully described, particular refer- 
ence being made to those features which are considered to be peculiar 
to the industry. 

Some particulars are also given of the various other services pro- 
vided in the factory, such as road and rail transport, workshops and 
special provisions including some made in connection with safety 
precautions peculiar to the industry. 


(1) INTRODUCTION 


Acetylene was first observed in 1836 by Edmund Davy, some 
60 years before calcium carbide was produced commercially. 
He had been heating a mixture of calcined tartar and charcoal 
to obtain potassium, and he produced a black substance 
(potassium carbide) which reacted violently with water to form 
a gas which burnt with a flame of extreme brilliance. It was little 
realized then that this gas would be the raw material of a large 
chemical industry for the synthesis of solvents and plastics of 
the p.v.c. group and of inestimable value in the engineering world. 

During the next 50 years or so, this gas was produced in 
various chemical reactions and, in 1860, Berthelot published the 
results of his researches on the gas and gave to it the name 
“acetylene” and the formula C,H)». 

It was Sir Humphry Davy who first demonstrated the possi- 
bilities of the electric arc, and between 1870 and 1890 various 
patents in respect of arc furnaces were taken out, chiefly con- 
cerned with the reduction of the oxides of various elements in the 
presence of carbon. 

The next most important year in the history of the industry was 
1892, when a Canadian, T. L. Willson, attempted to reduce lime 
by carbon and produced a hard crystalline substance which 
crumbled on exposure to air, and reacted violently when brought 
into contact with water, with the evolution of a gas which was 
identified as acetylene. This substance was shown to be calcium 
carbide. At about the same period, other workers were en- 
deavouring to produce metallic carbides, and there has been some 
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controversy as to whether Willson or a Frenchman, Moissan, 
was the first to produce calcium carbide commercially. There 
were also other claimants for this honour. 

However, it now seems to be quite clear that it is to Willson 
that the credit must be given of first producing calcium carbide 
on a commercial scale in 1892 in an electric furnace. 

After 1892, much research work was carried out on the 
chemistry of the production of calcium carbide in an electric 
furnace. 

The generally accepted equation, namely 


CaO + 3C - heat Cac, + CO 


expresses a possible method of formation, but it is now thought 
that this takes place in two distinct phases. 

The temperature of the electric arc is usually assumed to be of 
the order of 4 000° C, and it can be shown that the above equation 
is reversible at about 2 500°C. It is therefore evident that car- 
bide cannot exist in the “hot zone” and that all the compounds 
are dissociated into their elements in the arc. 

It is now thought that within the arc zone there exists only free 
calcium, gaseous carbon and oxygen, which on passing to a cooler 
zone combine to form carbide and carbon monoxide. The 
following equations probably represent more accurately the re- 
actions in the furnace: 


(i) 2CaO + 6C (solid) + heat = 2Ca + O, + 6C (gaseous) 
(ii) 2Ca + 6C + On = 2CaC, + 2CO 


The early carbide furnaces were of the batch or ingot type, in 
which a mixture of lime and carbon, in the form of metallurgical 
coke, were pulverized, intimately mixed and placed in a refractory 
lined crucible, in which were two electrodes. A current was 
passed through the mass until the reaction was complete, when 
the electrodes were withdrawn and the mass allowed to cool. 
The ingot was then dug out and broken up and crushed into 
suitable sizes for the acetylene generators. Fig. 1 shows a repre- 
sentative type of ingot furnace in use at this time. 

Many patents for ingot furnaces were taken out, but one of the 
most convenient types seems to have comprised a brick oven with 
a flue and support for raising and lowering the top electrode. 
An iron car, on the floor of which was a layer of carbon con- 
nected by a flexible lead to the other side of the electricity supply, 
was filled with the mixture of lime and coke and run into the 
oven. The top electrode was then lowered into the mixture and 
the current switched on. After the reaction was completed, the 
car was hauled out of the oven and the contents allowed to cool, 
after which the ingot was removed from the car and prepared for 
the market by crushing and screening. This type of furnace was 
developed by T. L. Willson. 

Other types of ingot furnaces were used having different elec- 
trode arrangements, some with side-by-side and some with hori- 
zontal electrodes. It was considered by many that a furnace with 
top and bottom electrodes was more economical and produced 
better carbide than other types, but it had disadvantages, the 
chief one being a tendency for the impurities in the raw materials 
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Fig. 1.—Ingot furnace. 


AA—Raw-material chutes. 
B—Brick oven. 
C—Car containing lime—coke mixture. 
D—Carbide ingot. 


to fall to the bottom of the furnace and mask the lower 
electrode. 

In general, it may be said that the disadvantages of ingot fur- 
naces were soon appreciated, and a furnace for producing “‘run”’ 
or “‘tapped”’ carbide was evolved, and all modern processes now 
use furnaces of this type. The tapping is started by using an 
electric tapping “‘gun,” and the first patent for this was taken out 
by T. L. Willson in 1906. 

Calcium carbide was first manufactured commercially in this 
country in 1897, at Foyers in the north of Scotland, using fur- 
naces of the Willson type, electricity being supplied from a hydro- 
electric station which was built nearby. Earlier—in 1895—an 
experimental plant had been built in Leeds from which a certain 
amount of carbide had been produced. Since 1900 work has 
been going on continuously in the development and improvement 
of electric furnaces for the production of calcium carbide, and 
the subsequent sections of the paper deal with a typical modern 
carbide factory. 


(2) THE MODERN PROCESS 


The manufacture of calcium carbide is essentially a smelting 
operation in which calcium oxide reacts with carbon to form 
calcium carbide with the evolution of carbon monoxide. 

The temperature required for calcium carbide manufacture lies 
between 1 600 and 2 500° C, and this can most conveniently be 
obtained in an electric-arc furnace where the arc is submerged in 
the charge material. A furnace of this type is generally known 
as a submerged-arc furnace. Nowadays 3-phase furnaces, with 
the electrodes arranged in a triangle for reasons of electrical 
symmetry, are used. 

The carbon required for calcium carbide manufacture is nor- 
mally supplied in the form of coke, and the process requires a 
coke which is low in ash, sulphur and phosphorus. The oxides of 
silica and iron are reduced in the furnace to the metals and form 
ferro-silicon which is very troublesome in furnace operations, 
if present in excessive quantities. Sulphur and phosphorus 
pass into the product and cause impurities in the acetylene. For 
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similar reasons, only a very pure lime can be tolerated in the 
furnace and a typical analysis of a suitable limestone is given 
below: 
Silica: Not more than 1-:0% 
Phosphorus: Not more than 0:03% 


Total impurities: Not more than 3:0% 


The reaction of calcium carbide and water is expressed by th : 
equation: 
CaC, + H,O = C,H, + CaO | 


and, from a consideration of the molecular weights, it can be; 
shown that the gas yield of pure carbide is 5-86ft?/Ib at s.t.p., 
In normal operations it is not economical to produce pure! 
calcium carbide, since the energy consumption would be too) 
high. Carbide produced to B.S. 642 is approximately an 80 Yo 
carbide/lime solution with a gas yield of 4-80ft?/Ib. | 

The theoretical energy requirements for pure calcium carbide: 
can be deduced by calculating the energy necessary to dissociate’: 
the lime, plus the heat of formation of calcium carbide less the) 
heat produced by the formation of carbon monoxide. To this: 
must be added the sensible heat in the carbide as produced at 


2 500° C: in this calculation the mean specific heat of calcium) 
carbide is taken as 0:3: | 
kcal/gramme-molecule 
Heat of dissociation of lime .. ae! 132-0 
Heat of formation of calcium carbide .. 0:65 
132-65 
Less heat of formation of carbon monoxide .. 29-00 
103-65 | 
Plus sensible heat in calcium carbide 48-00 | 
151-65 


Thus, the total heat for 64 grammes of calcium carbide is 
151-65 kcal, and the total heat for 1 ton of pure calcium carbide - 
is 2 400 000 kcal, i.e. 2 790 kWh. 

The above calculations take no account of the heat losses from 
the furnace shell by radiation and that lost in the stack gases. 
It may be added that the energy rate of most commercially 
operated furnaces lies between 3 000 and 3 500 kWh per ton of 
80% calcium carbide. A number of factors, however, can 
adversely affect this consumption. 

In a furnace operating at a temperature suitable for the pro- 
duction of carbide, all heat losses are a function of time. There- 
fore, the greater the rate of heat input, the greater should be the 
rate of production of calcium carbide, with a consequent lower- 
ing of the energy requirements per ton of carbide made. This 
assumes, of course, that the carbide is removed from the reaction 
zone as soon as possible after its formation. In other words, 
the above statement holds good only if the furnace is successfully 
and completely tapped of its product for, if this be not so, not 
only is the rate of throughput diminished, but ‘“‘stewing”’ of the 
calcium carbide causes its dissociation into lime and carbon, with 
subsequent deterioration in the quality and gas yield of the 
product. 

It therefore follows that, in common with the majority of the 
other melting processes, the rate of heat input—in the case of a 
calcium carbide furnace, the electrical load—should be as high as 
the furnace design will permit, this in turn being governed by 
electrical capacity and furnace crucible dimensions, etc. This 
upper limit generally manifests itself, if approached too closely, 
by the high incidence of breakdowns in the internal water-cooled 
parts of the furnace, and break-outs of molten material through 
the furnace shell, as the area of the arc zone naturally increases in 
proportion to the power input; scouring and fusing of the brick- 
work increases and eventually exposes the shell which is burnt 
away. In Section 3, a method of calculating the hearth size is 
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described with particular reference to the area of the arc zones 
around each electrode. 


(3) NOTES ON FURNACE DESIGN 


Fundamentally, an electric-arc furnace with its low-voltage 
busbar and electrode assembly is equivalent to a circuit consisting 
of a reactance which, for practical purposes, is constant, and a 
variable resistor. The reactance is governed by the characteristics 
of the transformer and busbar/electrode assembly, as the furnace 
itself is considered to be non-inductive. 
of the materials of the charge in the furnace crucible. 

The design must therefore start with a consideration of the 
required power input to the furnace. Sufficient practical know- 
ledge is available for the energy rate of calcium carbide pro- 
duction to be taken as 3 500 kWh per ton (Section 2). A reason- 
able annual load-factor is 75°%, and thus, 


__ Annual production in tons x 3 500 x 100 
75 x 8 760 

The load thus calculated is then divided into as many operating 
units as may be considered desirable by the designer, in order to 
define the capacity of each furnace. 

The next stage is to determine the electrode diameter, current 
and transformer voltage. Andreae5 has shown that 
D3 = b2[2 


or De |p 


Load 


kW 


where D is the electrode diameter in inches, J is the electrode 
current in amperes and b is a constant calculated from the co- 
efficient of heat transfer from the electrode to the atmosphere, 
the electrode temperature above the charge and the resistivity of 
the electrode material. This equation derives from the fact that 
the heat dissipated from the electrode in the area between the 
furnace charge and the contact shoes is equal to the J*R loss in 
this part of the electrode. 

Andreae has also shown that, for different sizes of furnace 
making the same product from the same raw materials, the resis- 
tance at the electrode tips multiplied by the periphery of the 
electrode is constant. This has been called the “‘peripheral ohm 
factor’ and may be expressed as follows: 


Ra D = constant 
or R= Crd, 


Then, if V is the “in-phase” voltage to the furnace neutral, 
I the electrode current and P the phase power in watts, 


V=IR 


and P=I°R 


= —— watts 
7 
3CD 
arb? 1 000 


P,7b* x 1000 
Diamar 


or P3= kilowatts for a 3-phase furnace 


4 
und thus, ) inches 


The resistance consists - 
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There is, again, enough available operating data of calcium- 
carbide furnaces for a power factor to be decided at this stage. 

A figure of 0-85-0-87 is usually taken. The “‘total-phase” 
voltage of the low-voltage circuit is then determined as 


ay 


and thus, l.v. line voltage = aan 


OS 


The electrode current, J, is then calculated from the formula 
I = D3/2/b amperes 


The active area surrounding each electrode is generally 
assumed to lie within a circle of radius equal to the electrode 
diameter and to be concentric with it. A triangular spacing is 
generally preferred to an in-line arrangement of the electrodes, 
as the busbar reactance can be balanced more evenly. The three 
electrodes are therefore spaced at the apices of an equilateral 
triangle of such a size that the active areas of each just overlap. 

The bowl can then be designed around the three electrodes with 
a refractory lining of such a thickness that, ideally, the annual 
value of interest and depreciation, plus the cost of maintenance 
and heat losses, is at a minimum. 

The data for the specification of the busbar assembly and 
transformer is now determined from 


__ Peripheral ohm factor 


R 
aD 


ohms per phase 


and thus reactance X = R tan ¢ per phase. 

This value of X is the total reactance of the transformer and 
busbar assembly. The busbars are designed with a cross- 
sectional area to suit the electrode current and are arranged so 
that the difference between their reactance and the total circuit 
reactance is a value which the transformer designer can achieve 
in his design. 

The general principles for the design of circuits of low reactance 
are well known and the most important of these are listed below: 


(a) Circuits carrying current in one direction should be placed 
as close as possible to parallel circuits carrying the same currents 
in the opposite direction. 

(6b) No magnetic material should be placed in the vicinity of 
any of the circuits. 

(c) All circuits should be as short as possible. 


As shown above, the approximate value of transformer react- 
ance has already been determined and, in general, it has been 
found that the transformers should have a percentage reactance 
of less than 2%. 

For 3-phase transformer banks the connections are generally 
arranged in delta/delta, the low-voltage connection being made 
at the contact shoes on the electrodes. For purposes of load 
control, a number of taps above and below the calculated 
voltage are provided on the high-voltage side of the trans- 
former. 

The results of the formulae shown earlier in this Section have 
been determined for various sizes of furnace and are shown 
graphically in Fig. 2, from which the electrode diameter and 
spacing can be determined for a furnace of any given capacity, 
and Fig. 3, which shows the charge resistance against design load 
for various currents and voltages. 

In Section 4.4 a description is given of a furnace, the size of 
which has been calculated on the basis of the data and curves 
given in this Section. 
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Fig. 2.—Electrode diameter and spacing plotted against designed load 
for 3-phase carbide furnaces. 
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(4.1) Quarry and Lime Plant 


In Section 2 the necessity of a very pure lime was emphasized 
and it is therefore essential that the quarry be situated wheres 
ample supplies of limestone complying with the specificatiars 
given in that Section are available. The quarry output can be, 
determined on the basis that every ton of carbide requires} 


Se 


fication. | 
The unit used comprises a refractory-lined steel cylinder about} 
200ft long and of 7ft 6in diameter inside the refractory lining. 
It has an enlarged zone of 9ft diameter inside the lining at the 
firing end. It is supported on roller beds at a slope of L in 25) 
towards the firing end and driven through suitable gearing at) 
speeds varying from 0-5-1 r.p.m. ; j 
"The kiln a capeel with a cooler through which the lime is | 
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Fig. 3.—Designed load plotted against charge resistance 


voltages for 3-phase carbide furnaces. 


(4) THE COMPLETE CARBIDE FACTORY 


The choice of a suitable site for a carbide factory is largely 
dependent on the cost of electric power at that site, but the 
availability of other raw materials such as limestone for the 
manufacture of the lime, coking coal for the carbide process and 
anthracite for the electrode carbon, and steel for the manu- 
facture of the drums in which the carbide is packed, plus an 
adequate supply of cooling water and transport, are important 
factors. 

A modern carbide plant which is to be self-sufficient (except 
for electricity supply) requires the following: 

Limestone quarry. 
Lime burning plant. 
Coke preparation plant. 
Electrode carbon plant. 
Carbide furnace plant. 


Carbide crushing, screening and packing plant. 
Drum manufacturing plant. 
General services. 


for constant electrode currents and constant electrode 


\ 


passed, which serves the dual purpose of recovering heat from 
the lime by giving it up to the air required for combustion of the 
fuel and, at the same time, reducing the lime to such a tempera- 
ture that it can be conveniently handled by a conveyor of a 
normal type. 

The kiln is fired with pulverized bituminous coal of such a 
fineness that 80° will pass a 200-mesh screen. The temperature 
in the burning zone of the kiln is between 1 300 and 1 400° C. 

In order to draw the hot gases through the kiln, an induced- 
draught fan is installed at the back end of the kiln and, so as to 
recover some of the heat which would otherwise be wasted, the 
gases are passed through a preheater which serves to raise the 
temperature of the limestone up to approximately 500° C before 
it enters the kiln. 

The cold lime is passed over a screen which rejects all material 
below jin, since this causes disturbances in furnace operations. 
The remainder is then elevated by a skip hoist to the main lime 
storage bunker. The hoist is fitted with electronic control gear, 
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designed so that the bucket will be hoisted only when it has been 
filled to the predetermined level. The metal “probe” for this 
equipment is set in the feed chute (from which it is*insulated) to 
the bucket in such a manner that the electrical characteristics of a 
high-frequency oscillating circuit are varied when the chute fills 
up with lime above the “‘probe.”’ This variation is used to cause 
the hoist control relays to be operated through thyratron valves. 

The kiln unit described above would have an output of about 
6-5-7 tons of lime per hour. 


(4.2) Coke Preparation Plant 


All the coke as received, except where it is graded to the correct 
size range, is passed through primary and secondary crushers 
where it is reduced to 14-2in maximum size. It is then elevated 
to bunkers commanding the coke-drying units. 

The original form of drier consists of a steel cylinder about 
30ft long and Sft in diameter, through which hot gases from a 
coke-fired furnace are drawn against the direction of flow of 
coke. The cylinder is rotated at about 4 r.p.m. and is fitted with 
lifters to assist the drying. 

This type of drier has now been superseded by a unit of the 
static type in which hot gases are drawn through a mass of coke, 
contained in a refractory-lined cylinder fitted with baffles. The 
output of this form of drier is varied by a vibratory feeder which 
controls the rate at which coke is extracted from it. The main 
requirement of the driers is that they should be capable of de- 
livering a coke with a moisture content not greater than 2°%. 

From the driers, the coke is carried by conveyor to the main 
soke bunker in the carbide furnace building, all material below 
yin in size being removed by screening for the same reason that 
the lime fines are removed. 


(4.3) Electrode Carbon Plant 


Although the early carbide furnaces used what in these days 
would be called prefabricated carbon electrodes, the modern unit 
ises a Soderberg self-baking electrode. For this a carbon paste 
S required which is prepared from calcined anthracite coal 
ind a bond made up from a mixture of tar and pitch. The 
sroportions of this paste are 80% anthracite and 20% bond. 

Anthracite coal, as received at the factory in a mixture of grain 
ind pea sizes, is a poor conductor of electricity. Before it can be 
ised for the manufacture of electrode paste the resistivity must 
ye reduced by driving off the volatiles in the calcining furnace. 
This furnace is electrically heated and comprises a vertical steel 
ylinder, refractory lined, with one electrode suitably suspended 
t the top and the other at the bottom of the shell. These elec- 
rodes are supplied by a 500kVA 11kV/75volt transformer, 
onnected in open delta on both sides. Off-load tap changing 
rovides eight voltages from 75 to 55 volts for purposes of 
urnace control. The normal load of the furnace is about 
50 kW. The transformer is of the core type with a reactance of 
pproximately 4%. 

“Green” anthracite is fed in at the top of the furnace and the 
oal passes slowly through the cylinder, during which time the 
olatiles are driven off by the heat of the arc. The coal drops on 
) a water-cooled circular plate just below the bottom of the 
1ell. From this it is removed by scrapers and paddles in a 
ater-cooled ring at the edge of the plate. Fig. 4 shows a 
ypical arrangement of the furnace. 

The normal operating voltage is 70-75 volts. The furnace is 
automatically controlled by a current relay. As the coal is cal- 
ned, the current passing through the furnace rises until a value 
F 4 000-4 500 amp is reached, at which the coal is considered 
. be calcined. The relay then operates and switches on the 
raper/paddle motor, thus removing some coal and allowing 
esh to be admitted at the top; the cycle repeats itself after the 
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Fig. 4.—Anthracite calcining furnace. 


AA—Anthracite chutes. 
B—Top electrode. 
C—Electrode clamp and busbar connection. 
D—Bottom electrode. 
E—Electrode clamp. 
F—Calcined coal extraction gear. 
G—Steel shell, refractory lined. 


current has again risen to the predetermined value. The resistivity 
of the coal is laboratory checked and the relay set to maintain 
a value of 800-900 ohms/m/mm?. 

The calcined coal is then passed over a 10-mesh screen. All 
material below 10 mesh is passed into one bunker and all material 
over into another. Some of the larger of these two fractions 
is ground in a ball mill to pass a 200-mesh screen and is then 
delivered into a third bunker. In order to obtain mechanical 
strenght in the carbide furnace electrode, suitable quantities of 
the three grades of calcined coal are batch-weighed into a mixer 
and the correct quantity of bond added. The mixer body is 
maintained at a temperature of 100-120° C by the circulation of 
oil from an electrically heated and thermostatically controlled 
boiler. 

After mixing for a period of 45 min the paste is transferred in 
trays to the paste floor of the carbide furnace building where it 
is fed into the top of the electrodes as required. 


(4.4) Carbide Furnace Plant 


The carbide furnace consists of an irregular 6-sided steel bowl 
with its sides sloping outwards from the base at an angle of about 
70°, as shown in Figs. 5A and 58. The bowl is refractory lined, 
the sides being 13in thick and the base 6in. At the commence- 
ment of the life of a bowl, a 5ft bed of anthracite coal, tin to dust, 
is placed in the bottom and well tamped down. 

Figs. 5A and 5p depict the general arrangement of the carbide 
furnace. It will be seen that the taphole, A, is situated approxi- 
mately in the centre of the short face of the bowl. This face is 
not of steel, but is constructed of refractory brickwork some 
32in thick. From top to bottom of the bowl, at each side of this 
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Fig. 54.—Diagrammatic part elevation illustrating some features of 
symmetrical 3-phase carbide furnace using Soderberg electrodes. 


A—Taphole. 

B—“A”’ frames. 
C—Soderberg electrodes. 
D—Electrode winches. 
E—Contact shoes. 
F—Water-cooled conductors. 
G—Clamp ring. 
H—Tapping-gun assembly. 
J—Interleaved busbar stack. 


Tapper 
busbar 


Fig. 58.—Diagrammatic part plan of furnace shown in Fig. Sa, 


A—Taphole. 

C—Soderberg electrodes. 
E—Contact shoes. 
F—Water-cooled conductors. 

H—Tapping-gun assembly. 
J—Interleaved busbar stack. 
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face, is a fabricated steel column arranged for water circulation 
These serve to prevent distortion of the shell in the region of the 
taphole and incidentally provide some measure of cooling agains 
the intense heat when the furnace is tapped. | 

The bowl itself rests on a lattice work of flat-bottomed rail 
and rolled-steel joists running at right angles to each other, ané 
this, in turn, is supported on a suitable concrete foundation. Te 
retain the bowl in a vertical position and stiffen the sides, it ij 
surrounded by “A” frames, B, on each face which are alsc 
supported on concrete foundations. 

Three Soderberg self-baking electrodes, C, of 48in diametez 
are immersed in the bowl, which contains the mixture of coke an¢ 
lime. These electrodes extend vertically upwards to a height o! 
about 40ft above the top of the bowl through an electrode 
slipping floor and electrode paste floor, on which are situate¢ 
three twin-drum hoists for electrode raising and lowering. The 
weight of each electrode in working order is approximatels 
20 tons. 

A Soderberg electrode consists of an inner cylinder of No. 18 
S.W.G. mild-steel sheet with short fins projecting inwards. The 
lower portion of this cylinder is surrounded by an outer stee, 
cylinder, known as the dust-shield casing, leaving an annulat 
space of about I4in all round. The top of this casing carries ¢ 
mild-steel structure for supporting the Wisdom ribbon gear usec 
for slipping the electrodes. On the top of this structure are 
mounted two double sheaves, around which are run the stee: 
ropes from the electrode winch, D. Since the whole of the 
electrode assembly is “‘live,’’ insulated bolts are used to suppor 
the sheaves. From the lower end of the dust-shield casing are 
suspended, by insulated links, eight brass water-cooled contac 
shoes, E, which are used to conduct the current into the electrode: 
Surrounding these shoes, at about their centres, is a water-coolec 
mild-steel ring which carries eight contact bolts. These are usec 
to maintain good electrical contact between the shoes and the 
electrode. Air is blown down from the top of the dust-shielc 
casing through the annular space from which it exhausts at the 
bottom. This serves to cool the shoe-suspension assembly anc 
keep dust from accumulating on it. Electrode paste, made as 
described in Section 4.3, is poured into the top of the inne 
cylinder. 

With the furnace in a working condition, in that portion of the 
electrode which is immersed in the hot mixture the volatiles from 
the bond have been driven off and the whole mass has car. 
bonized. The steel electrode casing has also burnt off. The 
contact shoes are about 9-12in above the level of the mixture 
and, in this portion of the electrode the steel casing has not burnt 
off and the paste is in a semi-baked condition. Above this poini 
the paste is unbaked. That part of the electrode which is in the 
bath, being carbon, will react with the lime in the mixture and 
be consumed during furnace operations. The inner portion o' 
the electrode assembly will accordingly require to be lowered. 
independently of the dust-shield casing, into the furnace te 
compensate for this consumption. This operation is callec 
“slipping” and is normally carried out about three times pe 
shift at the rate of about 24 in per 24 hours, depending on the loa¢ 
carried by the furnace. 

On each electrode two steel strips, each 94in wide and 0-078ir 
thick, are tack-welded to the electrode casing diametrically oppo: 
site to each other. These are known as the “Wisdom ribbons’ 
—so called after their inventor, Wisdom. Each is carried over < 
series of friction drums and thence through two clamps, th 
first of which is fixed and the second movable in a vertica 
direction by means of a screw passing through the clamp body 
Normally the ribbons are held tightly in both clamps, but wher 
it is necessary to slip the electrode, three or four shoe contac 
bolts are slackened off, the top clamps loosened and the lowe 
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clamps moved in the required direction simultaneously, until the 
electrode has been lowered by the desired amount. The ribbons 
are then made fast at the top clamps and the lower clamps are 
returned to the starting position where the ribbons are also made 
fast in the clamps. Fig. 5c shows the arrangement of the elec- 
trode slipping gear. 


Fig. 5c.—Electrode slipping gear. 


A—Electrode. 
B—Top clamp. 
C—Lower clamp. 
D—Operating gear. 
E—Wisdom ribbon. 
F—Friction drums. 


Water-cooled current conductors, F, are arranged between the 
ight shoes of the electrode and the furnace busbars. As the 
lectrode assembly is required to be movable in a vertical direc- 
ion, a length of flexible conductor is interposed between the two 
igid sections which consist of copper tube of a suitable section. 
the flexible section consists of a stranded copper cable laid up 
round a helix of copper wire to provide a hollow core, the whole 
eing surrounded by a seamless corrugated phosphor-bronze 
asing. 

The water flow in the shoes is directional and the eight are con- 
ected into four pairs by inter-shoe water connections, a com- 
lete water circuit thus consisting of two shoes with their con- 
ections. Water flows through the length of a conductor into 
ne shoe through the inter-shoe connection and into the adjacent 
10e and returning through the conductor system into the furnace 
fluent tundish. 

Other internal parts of the furnace are also water-cooled, 
otably the ring surrounding the shoes and known as the clamp 
ng, G. This is of mild-steel fabricated construction in four 90° 
sctions. Each section has internal partitions to give directional 
ow of the water. The ends of each section are constructed as 
le opposite halves of a hinge and are brass-bushed. The four 
tions are arranged around the electrode to form a complete 
ng and mild-steel pins are inserted through the hinged ends. 
he eight equidistant holes through the ring are steel-bushed and 
readed to receive the mild-steel contact bolts. Copper con- 
sctions at the ends of each section are used for continuity of the 
yw and the inlet side of the first section and the outlet of the last 
e connected to the flow and return pipes, which are led some 
ft up the dust-shield casing. The lowest section of the dust- 
ield casing is also water-cooled, the flow and return pipes 
nning up the casing to the same level as the clamp-ring pipes. 
» compensate for the rise and fall of the electrode, a length 
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of seamless corrugated phosphor-bronze tubing is inserted 
between all these pipes and the external pipe system of the 
furnace. Three such electrode assemblies are required in the 
furnace, spaced at the apices of an equilateral triangle with sides 
102in long. 

Surrounding these electrodes and resting on the top of the 
bowl is the furnace hood. The lower panels are of non-ferrous 
metal construction to reduce eddy-current losses and are arranged 
for water cooling. The upper panels are of mild-steel construc- 
tion and contain apertures for the entry of the various water 
services and electrical conductors. 

In front of the furnace, on that side of the bowl in which is the 
taphole, the “tapping gun,” H, is situated. This consists of a 
series of circular graphite electrodes, graduated in diameter 
from 8in to 3in and screwed into each other. The 8in electrode 
is clamped in a holder and connected to one of the transformer 
busbar stacks through a contactor-type isolating switch, situated 
in the transformer house, and which is controlled from the 
furnace house adjacent to the taphole. The complete gun 
assembly, including a wooden handle and flexible cable, is con- 
veniently suspended in front of the taphole and arranged to be 
retractable from it on a runway beam. 

When the furnace is ready for tapping, normally at approxi- 
mately hourly intervals, an arc is drawn between the end of the 
gun and the solidified or “‘frozen’’ carbide on the outside of the 
taphole. The passage of current from the gun into the furnace 
melts the carbide until a new taphole is formed, when molten 
carbide at about 1 800-2 000° C is discharged into one of a train 
of cast-iron moulds, usually called bogies, mounted on wheeled 
chassis. When one bogie is full, the train is moved on and the 
next is filled. The full train of bogies is allowed to stand for a 
period of about three hours, after which the “pig” of carbide 
can be lifted out of the bogie by a crane, and stacked on the 
cooling floor for a further period of about 30 hours, after 
which they are ready for passing through the crushing plant. If 
it is necessary to stop the flow of carbide from the taphole, the 
gun is withdrawn and shovels of broken carbide, which is 
usually available on the floor near the taphole, are thrown into 
the taphole opening, and this is generally sufficient to stop the 
flow. However, the furnace is normally allowed to run itself 
completely empty of the carbide which has been formed since the 
previous tap. 

Power is received at the furnace transformer house at 33 kV 
by underground cable, where it is connected to an open busbar 
system, via isolators, suspended on suitable insulators from the 
ceiling. From this system the three single-phase transformers 
each of 10120kVA capacity for 33kV/220volt operation are 
supplied as a delta/delta group. 

These transformers are of the shell type and, owing to the low 
resistance of the furnace circuit between the electrodes, their 
reactance is kept as low as possible in order to maintain a reason- 
able power factor on the system. The reactance under normal 
operating conditions is, in fact, about 1-7°%. 

The high-voltage windings are tapped to give a secondary 
voltage range of 220-136 volts in thirteen steps by means of 
motor-operated off-load tap-changing gear controlled from the 
furnace control-room. Three current transformers are fitted on 
the stems of the high-voltage bushings on these transformers, one 
being for the power-indicating and recording instruments, one 
for the winding-temperature thermometer heater and one for the 
automatic furnace-control relays and indicating ammeters. The 
secondaries of these last current transformers have thirteen taps 
with a selector switch mechanically linked with the main trans- 
former tap-change gear. This is to compensate for changes in 
the main transformer ratio, so that its output is a fixed proportion 
of the electrode current. 
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The low-voltage windings each consist of eight single-turn 
coils, distributed between the high-voltage windings. The ends 
of each coil are taken out individually from the transformer to 
the busbar stack, which thus contains sixteen bars each of 
24in x -§;in section. The ends of the coils from each of the 
transformers are connected to the furnace electrode, as shown in 
Fig. 6, to form the secondary delta circuit. This Figure also 


Winch gear 


BEAVIS: THE USE OF ELECTRICITY IN THE PRODUCTION OF CALCIUM CARBIDE 


nitude of a carbide factory load will have been gained by the 
description of the furnace transformers. Arrangements have 
been completed with the supply company with whose district 
control engineer the factory substation attendant is in direct 
telephonic communication, whereby load is shed by the factory 
in stages. This is carried out by reducing furnace load, if it is 
economically feasible, or by switching off a furnace. 
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Fig. 6.—Elementary diagram for carbide furnace. | 


A—Electrode. 
B—Contact shoes. 
C—Current flow. 
D—Lime-coke mixture. 


shows the complete elementary circuit diagram for a carbide 
furnace, together with an indication of the reaction adjacent to 
one electrode of the furnace. 

In the transformer house the busbar stacks are open and sup- 
ported by suitable insulated clamps. After they have passed into 
the furnace house and beyond the last connection to the electrode 
shoes, they are enclosed in a casing. Washed air is blown into 
the transformer house and is allowed to escape through the busbar 
casing into the furnace house. This assists in cooling the whole 
system and, by maintaining a positive pressure, tends to prevent 
the entry of dust. 

In order to obtain 80% carbide, the mixture of correctly graded 
lime and coke is fed into the bowl in the proportion of 60 parts of 
lime to 40 parts of coke from the mixture bunkers above the fur- 
nace. These proportions are obtained by feeding the lime and 
coke through automatic weighers into the bunkers. Under 
working conditions, the mixture can vary and these variations 
are compensated by “‘fluxing”’ from bunkers containing lime and 
coke separately. 

Upon the maintenance of supplies of correctly graded mixture, 
both as regards size and lime/coke ratio, depends the production 
of consistent quantities of carbide with a gas yield of 4-80ft3/lb. 
Any serious departure in the ratio will have its effect on the gas 
yield of the product. An increase in lime will produce a carbide 
of lower gas yield, which is more fluid and will thus tap more 
easily. An excess of coke appears to affect the gas yield far less 
than lime. Again, oversize of one constituent in the mixture 
with respect to the other affects the conductivity and will tend 
to produce a carbide of varying gas yields. 

Among other factors affecting the production of good-quality 
carbide, power cuts must be mentioned. Some idea of the mag- 
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E—Liquid lime—gaseous coke zone. | 
F—Carbide formation zone. 

G—Pool of liquid carbide/lime mixture (80 %/20%). 
H—Carbon monoxide burning to carbon dioxide. | 


If a furnace is switched off for a period, heat is lost and all this: 
must be replaced before carbide can again be produced. The 
first carbide tapped after a shut-down is always of poor quality. | 

Change of load on a furnace is obtained by varying the 
operating voltage. The purpose of electrode movement is to 
compensate for electrode carbon consumption and to maintain a 
balance between the three furnace transformers. The electrical 
characteristics of the furnace are such that, providing the elec- 
trode butts are of the right length to give correct immersion and 
the mixture grading and composition correct, the furnace will 
operate at its normal power factor on whatever loading is re- 
quired. 

In the course of normal furnace operations, incidents will 
occur that render it necessary for the furnace to be closed down 
for repairs. Amongst these may be listed the following items: 

Water Leakage.—This can occur in any part of the furnace 
which is carrying water, such as the contact shoes, flexibles, inter- 
shoe connections and clamp-ring connections, etc. In the manu- 
facture of these parts, much thought has been given to their design, 
since the arduous conditions under which they operate are well 
known, and it was realized that they would have to be renewed 
in the course of normal furnace operations. Therefore, in the 
event of any of these parts requiring renewal, the furnace is 
switched off and the top of the bath smothered with cold mixture, 
on top of which mild-steel sheets are laid. The maintenance 
crew, suitably attired in protective clothing, enter the furnace and 
remove the faulty part, replacing it with a spare. Most of the 
parts mentioned above can be changed in periods varying from 
one-half to two hours. 

Electrode Faults.—Normally, very little trouble is experienced 
with the furnace electrodes, but occasionally that part which is 
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1 the bath will become separated from the upper part. In the 
vent of this happening, a mild-steel plate is drawn through the 
ap and tack-welded to the casing above it. The broken butt is 
auled out of the bath with suitable tackle. The upper part is 
1en “‘slipped,” as described earlier, until it is well immersed in 
1¢ bath. The furnace is then switched on and a low load 
laintained for some hours, whilst the “‘green’’ paste in the fresh 
utt bakes. After a suitable period, the load is gradually in- 
reased to its normal value. 

Impurities ——All impurities in the raw materials can cause 
ouble in the furnace and result in useless consumption of elec- 
‘ical energy as they are reduced to their elements in the presence 
f coke. The most serious of these is silica which is reduced to 
licon, in which form it will combine with the iron, which is 
resent from the electrode casings, furnace poking bars and ash, 
) form ferro-silicon. This is more dense than the carbide and 
ormally lies just below the pools of carbide underneath each 
lectrode. As long as the ferro-silicon comes out of the furnace 
ith the carbide, no serious troubles occur. Sometimes, how- 
ver, the ferro-silicon will build up and find its way through weak 
arts into the refractory lining and burn right through the mild- 
eel shell of the bowl. In the event of this happening, the break- 
ut is allowed to continue running until the ferro-silicon has all 
ome away and has been followed by carbide, after which the 
arbide is allowed to solidify when the furnace is switched off for 
short period. 


|.5) Carbide Crushing, Screening, Packing Plant and Drum- 
making Plant 


The cool pigs of carbide, as such, are unsuitable for the market 
nd must be crushed and screened into the various grades stipu- 
ted in the British Standard for carbide (B.S. 642: 1951), 
amely 50-80mm, 25-50mm, 15-25mm, 7-15mm, 4-7mm, 
4mm and 1-2mm. 

Some large consumers, owing to the type of acetylene generator 
sed, prefer a carbide which is a composite mixture of all the 
Dove grades and is usually called ‘‘chemical carbide” or 1-80 mm 
irbide. 

The carbide pigs are first passed through the crushing plant, 
hich comprises a breaking table on which the pigs are dropped 
om the height of about 4ft. From this the large lumps (up 
» about 18in cube) are carried on a steel-tray conveyor to a 
rimary jaw crusher, which reduces the carbide to approximately 
in cube size. The rate of feed into this machine is controlled 
y a Ross chain-feeder. From this crusher the carbide is carried 
y another tray conveyor to a secondary jaw crusher, which 
duces it to approximately 4in cube size. The material then 
asses Over a screen which rejects the carbide over 80 mm into a 
rtiary crusher of the gyratory type for reduction to 80 mm, 
hilst the material below this size passes forward to the main 
orage bunker to which it is elevated by a skip hoist. 

It is extracted from these bunkers to pass forward to the 
ading plant. The screens are of the multi-deck vibrating type, 
iven by electric motors. Oversize material is returned to a 
ving-hammer-type crusher for further reduction. Magnetic 
parators are used to remove the particles of ferro-silicon which 
e produced in the furnaces. 

The various grades of carbide are then passed to the graded 
ze bunkers, from which each grade is packed as required into 
sel drums of either 1 or 2 cwt capacity. 

The automatic packing machines consist of a vibratory feeder 
hich delivers the carbide at a controlled rate into a weigh-box, 
unter-balanced at the correct weight on a beam. As the box 
oves into weighment, the current to the feeder is cut off by a 
fitch operated by the beam. Another vibratory feeder is started 
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up when the operator is ready for the carbide to be delivered into 
the drum. 

Immediately after leaving the packing machines, the drums 
pass over check-weighing machines. The drum lids are then put 
into position and clenched over to render them watertight. 
After this, the sealed drums of carbide pass by conveyors to the 
warehouse and loading bays for dispatch. 

The complete requirements of drums necessary for the packing 
of all carbide produced in the factory are manufactured in a 
drum-making plant, situated adjacent to the carbide screening 
plant. 


(4.6) Electricity Supply 


The factory derives its electricity supply from a special sub- 
station of the B.E.A. with a direct connection on to the main Grid 
system. 

The main factory substation consists of a switch-house and 
control room. The switch-house is divided into two approxi- 
mately equal parts, one for the 33kV and the other for the 11kV 
switchgear. The 11kV side also contains sections for the sub- 
station low-voltage distribution boards and batteries for switch 
operation and indication services. The control room contains 
the metering, protection and remote control-gear for the main 
switchgear and transformers. Supply to the factory from the 
B.E.A. is at 33kV and to provide this the B.E.A. substation is 
equipped with two 45MVA transformers with on-load tap- 
changing gear. 

Referring to Fig. 7, it will be seen that duplicate 33kV feeder 
cables, each comprising two sets of 3 x 0-5in? paper-insulated 
lead-covered cables in parallel, terminate at oil circuit-breakers 
of 750MVA rupturing capacity. These are connected to main 
or auxiliary busbars, as desired. The main busbars are divided 
by a busbar-section switch, but the auxiliary busbars are solid. 
From these, supplies are taken through oil circuit-breakers of 
500 MVA rupturing capacity to the carbide furnaces and the two 
33/11kV 10MVA transformers. 

The 11kV feeders from these two transformers terminate on 
oil circuit-breakers of 150MVA rupturing capacity connected 
to main or auxiliary busbars. As before, the main busbars are 
divided by a busbar-section switch and the auxiliary busbars are 
solid. Supplies from this board are taken to the two anthracite 
calcining furnaces and the two site substations. 

Each site substation is equipped with an 11kV switchboard 
for distribution to the two 2MVA 11kV/400volt transformers 
and the 11kV tie between the two. There is also a 400volt 
switchboard carrying air-break switchgear for distribution to the 
various factory buildings. 

In addition, one substation is provided with a 1 000h.p. Diesel 
engine and 700kW 400volt alternator. This is connected to 
the 400volt busbars by an air-break switch, but no arrangements 
are made for synchronization with the public supply. The 
alternator is regarded purely as an emergency supply to keep 
the essential services, such as cooling-water pumps and lighting, 
running in the event of failure of the public supply. The station 
is continuously manned and the attendants are trained to get the 
alternator running and switched on to the busbars in under 
15min. 

All main distribution between substations and buildings is by 
means of paper-insulated lead-covered cables at the three voltages 
used. Low-voltage distribution boards are equipped with h.r.c. 
fuse-gear, with a rupturing capacity of 25MVA. All low- 
voltage cabling is in copper-sheathed and mineral-insulated 
cable. 

It will be appreciated that the carbide furnaces comprise over 
95% of the load and, as such, have by far the major effect on the 
operating power factor and load factor. 
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Fig. 7.—Main power circuits. 


By careful attention to design, both of the furnace transformers 
and of the furnace busbar system, it has been possible to maintain 
a power factor of between 0-85 and 0-88. Little, however, can 
be done with regard to load factor when, in the event of a furnace 
stoppage, such a large proportion of the total load is dropped. 

With average weekly furnace running times of over 97% under 
normal conditions, the reliability of this type of furnace seems to 
be fully proved, and average monthly load factors of over 70% 
are attained. On the 33 and 11kV systems, fault protection 
consists of two overload relays and one earth-leakage relay, 
whilst on the 400volt system three overload relays are provided. 

All the electric motors used in the plant are of the totally- 
enclosed fan-cooled type, complying with B.S. 168: 1936. The 
choice of squirrel-cage or slip-ring motors is dependent on the 
starting conditions but, wherever possible, plain squirrel-cage 
motors are used. 

The majority of starters are of the manually operated type, 
and sequence interlocking is adopted whenever considered neces- 
sary for operational reasons. 


(4.7) General Services: Water, Compressed Air, Workshops an 
Transport 


A considerable volume of water is required for cooling in thy 
operating parts of the carbide furnaces, calcining furnaces, limi 
kilns and for other sundry duties, and two pumping stations 


Under normal operating conditions in the factory som) 
250 000 gal/h are circulated through the pliant. Evaporation ane 


; other losses, amounting to approximately 5%, are made up far 


two shallow wells on the site. 
Compressed air is used on portable tools around the factor] 


‘ and also for operating various mechanisms on some of thi 


production units. There are two air-compressor stations whicl 
normally supply two separate mains at a nominal pressure or 
70-80Ib/in?. In the event of emergencies, the two mains can be 
coupled together. | 

The repair and maintenance of all production units is carried 
out by the engineering department. Fabrication of some of the 
major items of special plant is also carried out in the workshops 
of which there are two, one being devoted solely to the maini 
tenance of the drum-manufacturing plant. A selection of the 
usual workshop machinery such as lathes, milling machines; 
drills and shapers is provided, together with a blacksmith’s shop} 


For every ton of carbide dispatched from the factory, very 
nearly 3 tons of raw material are received. Road and rai. 
transport is provided and is serviced by the engineering depart- 
ment. The raw material dump is arranged alongside the 
main sidings and materials are recovered from it by two elec: 
trically operated transporter cranes. Wagon tipplers are installec 
at suitable positions along the dump. Electric battery trucks are 
used in the carbide warehouse for the movement of packed an 
empty drums. Charging facilities are available in the warehouse 
and the trucks are serviced by the engineering department. 


(5) SAFETY 

So far as the general run of mechanical plant is concerned, 
the provisions of the relevant sections of the Factories Act must 
be satisfied. 

In carbide manufacture there are, of course, risks peculiar to 
the industry and measures must be taken to safeguard against 
these. One of these concerns carbide itself. In the presence of 
moisture, acetylene is liberated and this gas forms an explosive 
mixture with air. In the first place, therefore, the buildings in 
which carbide is present must be maintained completely weather- 
proof. Secondly, in the carbide crushing plant, water must not 
be used for cooling of bearings; instead oil is used, and this is 
subsequently passed through a water/oil heat exchanger away 
from the carbide. 

It may be thought rather odd that, in spite of the above pre- 
cautions to keep water away from carbide, water is used to coo! 
the carbide furnace parts. The reason for this is that, owing tc 
the flame present over the furnace bowl, any acetylene producec 
would burn safely away. 

Certain precautions are also necessary on the furnace. It has 
already been mentioned that the electrode casings are lengthenec 
by welding on sections in situ. This is carried out whilst the 
furnace is on load, and it will be appreciated that the operator: 
are therefore working on metal which is electrically energized 
In order to prevent them from touching the other phases, wooder 
barriers are erected between the three electrode assemblies on the 
paste floor. 

Grease points on the electrode hoist sheaves are carried dow 
in brass tube to be easy of access, and although these sheave: 
are themselves insulated from the electrode, it has been though 
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necessary to provide a further safeguard by the insertion of a 
length of rubber tubing in each grease line. 

During the course of furnace repair work, electric welding may 
be used on various parts of the electrode assemblies. At the 
same time, men may be required to work on the furnace trans- 
former tops adjacent to the high-voltage bushings. As there is 
a possibility of a high voltage appearing on these bushings, it is 
laid down in the “‘permit to work,” issued before any person 
can enter the transformer house, that the oil circuit-breakers at 


the main substation must be opened and the high-voltage busbars . 


in the transformer house must be earthed before work on the 
transformers is begun. 

If a furnace is shut down for work which requires men to go 
inside the hood, it is again laid down that the furnace must be 
switched off and the main isolators in the transformer house 
opened. A “permit to work” is also issued for this purpose, 
which allows the duty electrician to enter the transformer house 
and open the isolators. The permit also stipulates that the 
control of the main oil circuit-breakers at the substation is 
changed from remote to local. 

It will be realized that, in the course of working on repairs 
inside the furnace, men will perspire very freely. All portable 
lighting, therefore, is supplied at 50 volts with the centre point 
earthed. This also applies to other parts of the factory for 
similar reasons of general safety. 

The only other risk peculiar to the industry is that of sparks 
from electric or gas welding or cutting in an area where there is a 
likelihood of acetylene being present. To guard against this, an 
explosimeter is used in the area or space concerned. This 
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instrument registers the percentage of acetylene present in a 
sample of air drawn through it. It is laid down that the instru- 
ment must be used and the results recorded before any welding 
work is carried out. Should the instrument indicate that the 
amount of acetylene present has reached a dangerous value, 
measures must be taken, by the person responsible for the work 
being carried out, to reduce the amount of acetylene by purging 
or other suitable means, before commencing to use the welding 
apparatus. 
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DISCUSSION BEFORE THE UTILIZATION SECTION, 18TH NOVEMBER, 1954 


Col. W. E. Dennis: I find on looking at the paper that there is 
no mention of possible faults. With very heavy currents, even 
at low voltage, I should have thought there would be con- 
siderable danger to transformers and busbars. I should be 
srateful if the author could give me some information on this 
and on what method is adopted to limit the effects of faults. 
There is a 132kV system coming in and there is only the 45MVA 
transformer between that and the furnace transformers. Is any 
offect felt in the transformers if there is a surge on the 132kV line? 

I notice the busbars for the transformers feeding to the elec- 
trodes are made of 24in x in copper. Why have copper 
tubes not been used? In Germany they use copper tubes. 

With the shoes being subjected to considerable slip, and the 
heavy currents that flow between the shoe and the electrode, has 
the author any method that will indicate to him that there has 
been arcing and, since there is a liability of damage to the shoe, 
that shoes are damaged? , 

The author mentions that the energy rate of carbide production 
s 3 500kWh per ton. Could he give any figures indicating the 
sroportion which is due to tapping or inform us of any other 
nethods of tapping and whether they have been tried out? 

Mr. E. Robertson: The carbide plant described by the author 
was designed in the early days of the 1939-45 War and was 
ushed into production in view of the vital need for calcium 
-arbide to further our war effort. 

Electrically the plant was designed so that a single bomb 
alling on any part of it would not unduly interfere with produc- 
ion, although spare 33kV and 11kV switchgear was held 
ivailable in case the main substation received a direct hit. 

The main auxiliary transformers of JOMVA rating are high in 
fiew of the author’s remarks that only 5% of the power is 
equired for auxiliaries. Actually it was intended to construct 
in additional plant, but the scheme was abandoned too late to 
nable a reduction in the size of these transformers to be made. 


In the early days a number of very severe short-circuits took 
place in the busbars, and resulted in a considerable amount of 
damage. I should be glad if Mr. Beavis would give information 
on the cause and the extent of the damage, with particular 
reference to the l.v. busbars and 33kV transformers and switch- 
gear, in view of the fact that the system has an extremely low 
reactance. 

The power factor, 0-85—0-88, seems to have been decided in 
an arbitrary manner, although the operating results would appear 
to have justified the compromise between a system of higher 
reactance against the increased cost of power charged on a 
maximum-demand kilovolt-ampere basis. 

The addition of power-factor-correcting condensers might well 
be justified, although their value to the system during the night is 
questionable since the reactive power will probably contribute 
towards greater system stability under conditions of normal 
night loading. 

Mr. W. P. Warren: My first point has some bearing on the 
closing remarks of the previous speaker. I do not think one 
should lose sight of the fact that the installation referred to in 
the paper is situated in a predominantly industrial area, where 
the system load factor is already in excess of 60% and load 
characteristics are not vastly different between the hours of day 
and the hours of night. 

The author mentions that the whole of the installation has an 
average power factor of between 0°85 and 0:88. This, at a 
load of 55MW, means kilovoltampere-hours (lagging) to the 
extent of some 32000. No doubt, the charges for supply are 
dependent on the power factor. . I realize it is possible that there 
is an inducement to correct. 

Taking the power factor with a minimum limit of, say, 
0:98, to obtain this figure would require some 20 000kVAh 
(leading). I should be grateful if the author would give some 
indication as to the manner in which such correction could be 
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effected. The alternative would appear to be rotary synchronous 
condenser or static capacitor. 

Rotary correction as applied to an arc furnace load has much 
to commend it, but owing to conditions enumerated by the 
author it would appear to have the following disadvantages. 

The majority of the load is utilized at 33kW, which in these 
days is regarded as somewhat too high for normal rotary applica- 
tion. But with this submersible-electrode type of furnace, as 
compared with the withdrawable type of electrode normally 
associated with steelwork production, the switch duty is not as 
frequent. With such a high load factor and with a continuous 
load, as in this instance, the more accurate and expensive auto- 
matic control facilities available with rotary correction are not 
justified. 

With static correction the capital charge, maintenance and 
running losses are much less, but again difficulties arise when one 
considers the switching of capacitors at high voltages. 

There is already in South Wales an installation consisting of a 
1500kVAr 33kV capacitor plant, comprising three 500kVAr 
19:1kV units. This bank was used for the correction of a 
4MVA steel-type arc furnace, and the bank is looped between 
the 33kV circuit-breaker and the primary of the circuit trans- 
former. It was thought better to put the capacitor in at that 
point, because 1 350 of the total 1 500 was accounted for by the 
reactance of the transformer. Even though the electrodes were 
withdrawn as long as the transformer was energized, the trans- 
former still accounted for 1350 of the total 1500 that was being 
put into the installation. 

In this particular installation in South Wales, there had been 
some difficulties in contacting work. It now appears that these 
will be overcome by the fitting of absorption resistance across 
the interrupter contacts. I believe this is one of the first—if not 
the first and still the only—33kV capacitor installation in the 
country already switched at 33kV. There are many bulk installa- 
tions of both 33kV and 11kV capacitors normally associated with 
the Grid system, but in the majority of instances those capacitors 
are switched on the primary side of the transformer at 66 or 
132kV for switching with the 33kV condenser. 

In view of the difficulty of switching, I wonder whether the 
author has encountered any difficulty in using 33kV capacitors 
in the installation, particularly bearing in mind that the 33kV 
switchgear he has described is oil filled, and the switchgear to 
which I have referred is air blast, which is normally understood 
to withstand heavier duty. 

A great deal of research still appears to be necessary into 
capacitance switching and protection. I include in this the 
wider field of series capacitors for line regulation. I should be 
particularly glad if the author would comment on the results 
of any investigations he may have been making into this subject 
with a view to improving on power factor in the particular 
installation with which he is concerned. 

One other point on load factor. In carbide production the 
cost of electricity is probably the largest component in production 
costs. Hence, operation at as high a load factor as is possible 
is desirable. In the paper there was mentioned a monthly load 
factor of some 70%, which means the annual load factor would 
probably be some degrees lower. Is this figure the highest which 
it is reasonably possible to obtain? I put this question, bearing 
in mind the possibility of having permanently available a standby 
furnace in the event of any breakdown or prearranged main- 
tenance of the normal production furnace. This would, indeed, 
have the effect of increasing the load factor considerably and so 
reducing the cost of electricity per ton of carbide. 

Perhaps the author would give his opinion on the merits of 
justifying this additional capital outlay as against a saving in the 
overall production costs. 
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Mr. A. J. Dawson: I was intrigued by the author’s commer 
that the production of carbide does not require an electric arc. © 

This statement does not lead to the conclusion that the furnace 
is really a resistance furnace (a query raised by a previous speake: 
and perhaps inspired by the high power-factor of the furnace; 
and I should like to associate myself with the author’s picture ol 
an arc zone and a resistance zone. But the relative magnitude 
of each is important, and I should like the authors’ opinion as tq 
what percentage of total furnace energy he thinks might appear i 
his arc zone. In somewhat similar furnaces of the “submerge 
arc” type operating on phosphorus manufacture I have ec! | 
third-harmonic values of about 8% and fifth-harmonic values 0 
4°/ in the secondary current. It seems very probable that the 
carbide furnace shows figures with a lower percentage. | 

The author has stated that any phosphorus present in the mi» 
appears in the carbide. I presume it mostly appears as calciu 
phosphide, which naturally would be unwelcome. It seem 
possible to me that some of the phosphorus might go forwar 
with the iron to form ferro-phosphorus, and I would like to kno 
what proportion, if any, finds its way into the ferro-silicon. 

In speaking of the furnace, the author has been very modest 
about the difficulties of taking out electrode stumps from 
furnace that is virtually white hot. I am quite sure that this is 
very ticklish, difficult and unpleasant problem. Perhaps h 
might tell us how frequent are such happenings—how often the 
ferro-silicon breaks through the side of his furnace, and i 
many months or years he would expect to operate his furnace: 
without shutting it down. This is important, too, from th 
point of view of switch operation. One naturally wonders ho 
often he has to change the oil in his circuit-breakers, how ofte 
the furnace switch is operated each month and whether it is 
customary to reduce the load before operation. 

It is clear that the cost of electricity represents a fair pets 
centage of production costs. Can the author give us some id 
of this figure ? 

In view of the fact that this plant was put down in the carkl 
days of the 1939-45 War, one wonders whether the time has now 
come, if the job were to be repeated, to put down closed carbide 
furnaces. One would like to know whether the economies that 
might result from the heat saving and the gas collection which 
could be used for drying the raw materials would justify the 
serious additional difficulties the author would encounter in 
handling his broken electrodes. 

Mr. E. W. Rodnight: I should like to enigiaciees the questions 
put to the author by Messrs. Warren and Dawson relating to 
power factor and power consumption. The combined effect of 
power consumption and power cost forms an extremely large 
part of the overall cost of producing carbide. 

I should like to know whether, if the author were considering 
the design of a new furnace from the electrical point of view, he 
would be able to achieve a much higher power factor than at 
present. Would he, for instance, consider a radically different 
design of furnace, such as a single-phase furnace of the Miguet 
type? Many are operating at very low energy consumptions and 
high power-factors, although there are a number of other aspects 
which make them less desirable for large-scale production. 

Mr. Leslie Smith: I am particularly interested in that I have 
in some degree been concerned with the furnace transformers. 
Earlier speakers have mentioned one or two of the hazards, and 
a comment or two from me might be of interest. 

It has been said that short-circuits occurred on the busbars 
in the early days of this equipment. My recollection is that they 
were initiated by surges occurring on the primary side of the 
furnace transformers, probably due to 33kV switching. Owing 
to the very low reactance of the transformers, the great amount 
of interleaving between h.v. and Ly. windings had allowed 
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transference of these switching surges to the 220-volt busbars in 
a greater proportion than one would normally find in a trans- 
former of more normal reactance. 

At a later period, I recollect that various steps were taken on 
the l.v. side of the furnace transformers to limit the surge voltages 
that appeared on the 220-volt busbars to a figure below that at 
which they could flash over. 

In installations of this kind this is a very special feature that 
has to be watched. In other words, switching surges on the 


33kV side that can be regarded as quite normal, do, in such a } 


low-reactance transformer, transfer themselves to the l.v. busbars 
and appear as quite high surge voltages in relation to the Lv. 
circuit voltage of 220 volts. 

The author says that he totalled up the resistance of the furnace 
and various other design features, and he indicates that there was 
a value left which the transformer designer can achieve in his 
design. He would have been nearer the truth if he had said 
“... can just achieve in his design.” For a 30000kVA 220V 
furnace transformer bank, 1-7°% is getting near the lower limit. 

As to short-circuits that occur on the I.v. busbar installation, 
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again my recollection is that so far as the furnace transformers 
were concerned there was no movement of any kind. On the 
first bank it was noticed, however, that there was a small amount 
of movement of the busbar connections on the low-voltage side 
of the transformer. Steps were taken to give additional bracing 
to these connections, and so far as I know, neither on that 
transformer bank nor on the others in the installation have there 
ever been any movements since. I have heard, however, that 
there are still busbar short-circuits very occasionally; these 
occasions are infrequent since steps were taken to limit surge 
voltages on the lower-voltage side and are now only due to 
dust. 

Mr. J. Vaughan Harries: Is it observed that the substation is 
situated on sand hills and is very near to the sea? Has the 
author any experience of hazards as the result of salt spray or 
dust from the sand hills as to call for special consideration 
either in the design of the equipment or its maintenance? 


[The author’s reply to the above discussion will be found 
overleaf. ] 
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Mr. E. May: The process which the author has dealt with is 
one of several electro-thermal processes, all of which require 
high temperatures, a lot of heat energy, and all of which are 
carried out in submerged-arc electric smelting furnaces. They 
are all processes in which an oxide is reduced by an endothermic 
reaction with carbon. Calcium carbide is probably the most 
important of the products of all these processes, but others 
which are also quite essential, e.g. ferro-alloys, including ferro- 
silicon and ferro-chrome, are vital to our steel industry. In 
1943 Mr. A. G. Robiette* pointed out the folly of not having a 
sound electro-chemical and electro-metallurgical industry in 
Great Britain; we were buying almost all our products of that 
kind from abroad, chiefly from Scandinavia. It seems that since 
then we have developed a calcium carbide industry which is 
sufficient, or nearly sufficient, for Great Britain. The sterling 
value of imports of calcium carbide last year was only a little 
over one-third of that in 1938. On the other hand the value of 
our imports last year of ferro-alloys, particularly ferro-silicon 
and ferro-chrome, were nearly nine times as much as in 1938. 
We have apparently done nothing about the ferro-alloys. Mr. 
Robiette put forward a scheme to make use of off-peak power 
from the hydro-electric power scheme in Scotland. The fact is 
we just cannot compete on economic grounds with ferro-alloys 
which can be bought from abroad, especially when using elec- 
trical energy from thermal stations. In Scandinavia these 
materials can be made economically by utilizing water power. 

I should like to ask the author, first of all, is Great Britain 
largely self-supporting for calcium carbide now, and is it an 
sconomic process as distinct from a strategically vital process? 
Secondly, would he care to venture an opinion as to the ferro- 
ulloys being a sound proposition for manufacture in Great 
Britain, particularly with regard to the hydro-electric power of 
scotland ? 

The transformers for the furnaces described have off-load tap- 
changing gear, and it may be of interest to note that a recently 
sommissioned direct-arc furnace for steel making has a ISMVA 
ransformer with on-load tap-changing gear, for a range of 
0-325 volts. The author’s scheme of electrode control shows 
-ontrol on current only, whereas many direct-arc furnaces now 
yperate with amplidyne control responsive to both voltage and 
‘urrent of the arcs. I should like the author’s opinion as to 


* Paper read at a joint symposium of the Institute of Metals and North of Scotland 
Tydro-electric Board, 1943. 
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whether there is any advantage in using this form of control on 
large smelting furnaces? 

Mr. A. J. Dawson: On the question of furnace design I think 
it true that, in general, the highest powered furnace has the lowest 
energy consumption per ton of product, provided that its design 
is sound. In striving for this energy efficiency we must consider 
the possible costs that can arise from the failure of a large single 
unit. There is a very large power account that can arise from 
the failure to maintain an already established maximum demand. 
There is the complication arising from re-organization of process 
labour, the pressure on maintenance staff to complete the furnace 
overhaul hurriedly, and the complications that can arise from re- 
direction and control of raw materials. With these and other 
considerations in mind, does the author feel that there is a 
maximum, or perhaps, optimum, size of furnace that is best 
suited to conditions in the United Kingdom? Such knowledge 
is valuable to transformer and switchgear manufacturers in 
giving them guidance as to possible future trends. 

Still referring to the carbide furnace itself, | am not clear 
whether the carbon hearth is in contact with the steel shell or 
whether a refractory lining exists between the hearth and shell. 
I would also like to know what arrangements are made for 
earthing the shell and carbon hearth. 

The author refers to an electrical tapping gun but makes no 
comment as to whether an oxygen lance can be used as an 
alternative—neither does he say whether there would be any 
advantage in so doing. I gather from the ease with which elec- 
trical tapping can be employed that calcium carbide is quite 
conductive at low temperatures. Can the author give us some 
knowledge of this figure and its variation with temperature ? 

Referring to the formation of ferro-silicon, it would be of 
interest to learn the chemical analysis of this by-product alloy, 
and to hear at what percentage of silicon it becomes non- 
magnetic, particularly in view of the author’s comment that the 
ferro-silicon is separated out magnetically. One wonders 
whether the introduction of iron via the Soderberg electrode 
casings has lowered the grade of this by-product or has, in fact, 
assisted operation by fluxing away unwanted silicon. 

On the subject of Soderberg electrodes, in a paper by Sem* 
emphasis is put upon the need for frequent and regular times of 
slipping of the electrodes in order to produce high-quality 
baking. Details are given in the paper of new types of electrode 


* Sem, M. O.: Journal of the Electrochemical Society, 1954. 
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clips which are claimed to have superseded the Wisdom ribbon 
type. 

Mr. P. M. Martin: Can the author give some more informa- 
tion regarding the current clamps on the electrodes? Compared 
with steel-furnace practice, the impression one gets is that the 
clamp rings and shoes appear somewhat flimsy to pass the 
enormous currents involved. 

I presume that the electrode casing is made from mild-steel 
plate which may have some mill scale on the surface. Does this 
surface have to be cleaned or otherwise prepared before the 
shoes are clamped up, and do the shoes have a ground finish 
on the contact face? Perhaps the author would tell us whether 
much trouble is experienced with arcing and burning at the shoes. 

Mr. W. A. Vivian: I should be interested to know the present- 
day method of getting the paste packed into the 4ft-diameter 
steel shells of the electrodes. 

In the early days I think a man used to be lowered into the 
live shell in a bosun’s chair and the paste was tamped to con- 

solidate it around the radially located fins, etc., inside the shell. 

A lot of problems arose concerning such 3-phase arc furnaces 
having a voltage range up to about 220 volts between electrodes, 
and various safeguards were provided, including those to prevent 
a person contacting two electrodes at once. 

Attempts were made to provide earth-free zones on certain 
floors around such furnaces, and not only in the case of those 
used for the production of calcium carbide. Where the distance 
between the upper parts of the electrodes was too small for easy 
access when required, with fixed insulating barriers, heavy 
asbestos curtains have been hung between electrodes to prevent 
a person from bridging them. 

The author referred to not requiring flameproof gear. In this 
respect it might be mentioned that no Buxton certified flameproof 
gear is available for acetylene or for certain other gases, including 
hydrogen and carbon bisulphide. 

I recall one explosion of acetylene gas in a high building in 
which there was a considerable quantity of calcium carbide. A 
large water pipe in this building became broken, and in conse- 
quence acetylene gas was generated and formed a highly explosive 
mixture with the air. It was ignited and the resulting explosion 
caused extensive damage to the building. 

Dr. H. G. Taylor: A large amount of carbide is absorbed in the 
welding industry, but I should like to know what percentage this 
is of the total output and where the remainder is used. 

Could the author tell us how one starts up initially with the 
Soderberg electrode, and also whether there is a very considerable 
change of resistance when you start up the furnace from cold. 

Also I should like to refer to the alloy clamps, which I gather 
are 85/15 brass; I should have thought that a good case could be 
made for chromium-copper which has a much higher conductivity. 
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Finally, does the author have any trouble with circulating 
currents in these large and extensive busbars between the trans} 
formers and the furnace? 

Mr. D. B. Corbyn: I am interested in the safety precautions 
taken in this plant. From the author’s description it appears 
that the transformers have sandwich windings with alternate 
primary and secondary coils. Reference is made to the dangers 
caused to men working on the plant by the 220-volt supply to the 
electrodes. 

Are any special precautions taken to guard against insulation 
breakdown between primary and secondary windings in the 
transformer itself? Special measures are often required in low- 
voltage electrochemical plants feeding electrolytic cells, and 1] 
wondered whether similar precautions had to be taken in this 
type of plant. } 

The second point is this. The quoted power factor is very 
puzzling. The furnace is described as a submerged-arc type, anc 
I wonder whether it takes a sinusoidal current from the supply Or 
if the phase current is, in fact, greatly distorted. | 

A power factor of 0- 85-0:88 is given, which corresponds tc 
a total percentage reactance of the order of 50%. It is specific- 
ally stated that the transformer leakage reactance is only about 

2°%, and even if one allows 10% for the supply reactance, which i is 
reasonable, there is still a very large discrepancy. 

It appears that the input current must be greatly distorted and 
that the power factor given actually includes a very large dis- 
tortion factor such as one considers when discussing the input 
power to a rectifier. 

The point is of considerable importance. If the low power 
factor is, in fact, caused by distortion, it cannot be corrected by 
means of condensers. It appears possible to make a very' great 
improvement by feeding each of the three furnaces through a 
suitable phase-shifting transformer in a manner similar to that 
used with large rectifiers to improve the waveform of the supply 
current. 

The third point concerns the material of the furnace hood. 
It is stated that the lower panels are of non-ferrous metal to 
reduce eddy-current losses. It is presumed that this particularly 
applies to panels near the busbars. In some cases, I know from 
experiment that eddy-current losses in a leakage field may 
be less with ferrous sheets than with non-ferrous sheets such as 
copper. This apparently paradoxical effect is due to the much 
higher resistivity of steel with respect to copper. It is difficult 
to generalize, but the effect occurs where the configuration is 
such that the leakage flux path includes a long air path, and the 
addition of the ferrous sheet does not greatly alter the leakage 
flux density. 

It would be most interesting to have the author’s experience on 
the construction of the shield on his furnace. 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSIONS 


Mr. C. J. Beavis (in reply): In reply to Col. Dennis and Mr. 
Robertson, faults do occur occasionally on the low-voltage 
furnace busbar system. When one occurs there is generally some 
loss of copper from the busbars and the clamp insulation usually 
has to be renewed, but the damage appears to be restricted to 
the parts in the area of the fault. The transformers do not 
appear to suffer any ill effects. Some years ago, the Electrical 
Research Association was asked to investigate these faults and, 
on their advice, a bank of 3 uF condensers was connected across 
the busbars to earth. This tends to limit the effect of external 
voltage surges. 

I think the real answer as to why tubular busbars were not 
used is that flat busbars were probably the material most easily 


obtainable at the time the factory was built—at the beginning of 
the 1939-45 War. 

There is no accurate method of determining whether there 
has been arcing between the shoes and electrodes, although work 
is being carried out in an endeavour to throw some light on this 
matter. 

The energy rate for tapping is generally between 20 and 
30kWh/ton. I believe that an oxygen lance has been tried, but 
I understand that this: method proved more expensive than 
electric tapping. 

Mr. Warren has raised the question of power-factor correction, 
and I can inform him that a project is now in the course of 
preparation for the installation of correction equipment. It is 
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intended to use static condensers for this duty. Rotary syn- 
chronous condensers were considered but turned down—largely 
on account of cost. It is intended to install the condensers on 
the 11kV busbars, since it was considered that the switching duty 
at 33kV would be too arduous for the existing circuit-breakers. 

Investigations have been carried out to detect the presence of 
harmonics during various furnace operations, and although the 
full report of these investigations is not yet complete, it is 
evident that there were no serious harmonics present, even 


during the periods when the furnaces were being started up from. 


cold, before the electrodes were closed in with the charge 
material. 

Mr. Warren also mentions the load factor of the factory. He 
is quite correct in assuming that the cost of electricity is the 
largest item in carbide production. It is, in fact, somewhat 
over 50% of the total cost. Load factors considerably higher 
than 70% are obtained for certain periods of furnace operation, 
but the figure of 70° was given as an average. 

Iam glad to have Mr. Dawson’s agreement with my idea of an 
arc zone and a resistance zone in the furnace. No figures are 
available on the division of energy between the arc zone and the 
resistance zone, and I am afraid I am unable to give him any 
information in reply to his question. 

Of the phosphorus present in the raw materials, approximately 
one-half appears as calcium phosphide in the carbide, and almost 
all the rest is lost in the stack gases. The quantity appearing 
with the ferro-silicon is insignificant. 

In reply to Mr. Dawson’s question regarding broken butts, it is 
difficult to give definite figures for these. Generally, many 
months elapse between the occurrences, and no definite reason 
can be given for them as yet, although many differing theories 
have been put forward from time to time, but these have not, so 
far, been verified. The repair is carried out by plating across the 
bottom of the electrode casing at some convenient point above 
the break, and then hauling the broken butt from the furnace 
bath. The repaired electrode is then lowered into the bath and 
closed in with mixture, and the electrode allowed to bake under 
low load until such time as it is ready for production. 

I have already mentioned the relationship of the cost of electric 
power to the total cost of carbide and, in reply to his query 
regarding ‘“‘closed”’ furnaces, I would say that if further furnaces 
were to be constructed, there is no doubt that units of the closed 
type would be used. In closed carbide furnaces, the carbon 
monoxide can be used either as a fuel in other sections of the 
plant, e.g. for lime burning or coke drying, or as a basis for 
chemical synthesis of some other product. It has been found 
that the heat content of carbide furnace gas corresponds to about 
one-third of the electrical power required for the production of 
one ton of carbide. 

Mr. Rodnight again mentions power consumption, and I 
would refer him to my other replies on this. He asks also 
whether a radically different design of furnace, such as a single- 
phase Miguet type, could be used. I do not believe that this type 
of furnace would be seriously considered these days for large-scale 
production, owing to the difficulties associated with the power 
supply to large single-phase units. 

Mr. Smith also raised the question of faults on the low-voltage 
furnace busbars, and his remarks are particularly valuable in 
that he was concerned with the design of the furnace transformers. 
I concur with all he says and would refer him to the steps that 
were taken to limit the surge voltages appearing on the low- 
voltage busbars. 

Mr. Vaughan Harries comments on the closeness of the sub- 
station to the sand-hills and sea, and also asks for our experience 
of hazards as a result of salt spray and sand. I think the only 
occasion when we have been seriously in trouble from these two 


causes was during the autumn of 1953, when the atmospheric 
conditions were very abnormal. The wind was blowing from 
over the sea and the thick mist appeared to be heavily laden with 
salt spray, and this caused such heavy corona discharges across 
the 132kV insulators that, for a time, the factory was completely 
shut down. 

In reply to Mr. May, I would say that Great Britain is now 
practically self-supporting for its requirements of calcium carbide. 
At the present world prices, it is an economic process as distinct 
from a strategically vital process. With regard to the manu- 
facture of ferro-alloys in this country, it must be borne in mind 
that the consumption of electric power for these products is 
between 10 000 and 15 000kWh per ton, and I do not therefore 
think that their manufacture would be an economic proposition 
in this country. 

Mr. May then asks my opinion regarding the use of amplidyne 
control on the furnaces. I rather hesitate to venture an opinion 
on this but, so far as I know, there are many carbide furnaces 
throughout the world which are equipped with automatic control 
on current only. 

In the first part of his question, Mr. Dawson deals with the 
size of carbide furnaces, and I agree with his opinion that, in 
general, the highest-powered furnace has the lowest power con- 
sumption per ton of product. The ideal arrangement is probably 
a multi-furnace factory in which there are one or more large 
units to take care of what might be called the steady output and 
a number of smaller units which would take care of the peaks in 
demand which are bound to occur from time to time. 

With regard to the lining of the furnace, there is a refractory 
lining between the carbon hearth and the shell. The carbon 
hearth is not earthed and the shell is connected to earth only 
inasmuch as it is connected to the general structure of the 
building, the foundations of which, of course, might be regarded 
as a high-resistance earth. 

Experiments have been carried out on the use of an oxygen 
lance as an alternative to the electrical tapping gun, but I believe 
that this has been proved to be uneconomic. Calcium carbide 
is conductive at low temperatures, but I regret that I have no 
figures available of the relationship of its conductivity with 
temperature. 

The percentage of silicon in the ferro-silicon alloy usually 
produced varies between 18 and 20%, and this alloy becomes 
non-magnetic at about 25% silicon. 

Mr. Martin is under the impression that the shoes are somewhat 
small when considering the current in the various circuits. Since 
all these current-carrying circuits are water-cooled, it is possible 
to increase the current density in these parts. 

The electrode casings are made from mild-steel sheet, and this 
is not cleaned up or prepared in any way before passing into the 
furnace. The shoes themselves are ground on the contact face, 
and very little trouble is experienced provided that they are kept 
clamped-up tightly at all times. 

In reply to Mr. Vivian, the electrode paste is now transferred 
into the electrode casings by tipping from the trays, which are 
carried over to the electrodes on the telpher. In the early days, 
a bosun’s chair was used—not for the purpose of tamping the 
paste in the electrode, but to carry out the operation of joining 
a section of casing on to the electrode. The method of carrying 
out this operation has now been changed, so that it is now no 
longer necessary for the man to be lowered into the casing. 

Dr. Taylor first asks for the distribution of carbide in this 
country. Approximately 50% is absorbed in the welding and 
engineering industry and 50% into the chemical industry as a 
raw material. 

The initial start-up with a Soderberg electrode is carried out by 


direct baking of the electrode by means of fires, which are lit 
* 
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around the bottoms of the three electrodes. I regret that I have 
no figures of the change in resistance from a cold start-up to the 
normal working conditions. 

The possibility of using a chromium-copper alloy for the 
manufacture of contact shoes has not previously been examined. 
I am grateful, however, to Dr. Taylor for this suggestion, which 
will receive serious consideration. 

So far as I am aware, no troubles have been experienced with 
circulating currents in the furnace busbar system. 

In reply to Mr. Corbyn, I am not aware of any special pre- 
cautions which were taken by the transformer manufacturers to 
guard against insulation breakdown between the primary and 
secondary windings in the transformer itself. 

A short time ago, oscillograph tests were carried out at the 
factory by a firm of capacitor manufacturers in connection with 


the proposed scheme of power-factor correction. From these] 
tests, it did not appear that the current wave was greatly distorted, 
and the manufacturers have since informed us that they do not 
anticipate any difficulties at all in supplying capacitors to correct 
the power factor. 

It will be of interest to Mr. Corbyn to know that the power 
factor of a very similar furnace installation oversea has been 
successfully corrected by means of capacitors. 

Mr. Corbyn’s remarks regarding the construction of the; 


furnace hood are very interesting. I would add that in our 
experience there have been definite advantages in constructingy 
this part of the hood of non-ferrous metal. One of the other} 
furnaces has an all-ferrous hood, and our experience has shown! 
that the appearance of eddy currents in this furnace is greater 


than in the one which is constructed partly of non-ferrous metal. 


DISCUSSION ON 


“VOLTAGE TRANSFORMERS AND CURRENT TRANSFORMERS ASSOCIATED 
WITH SWITCHGEAR’* 


SOUTH-EAST SCOTLAND SUB-CENTRE AT EDINBURGH, 15TH DECEMBER, 1953, AND THE 
NORTH MIDLAND CENTRE AT LEEDS, 5TH JANUARY, 1954 


Mr. J. Mendelson (at Edinburgh): In the present state of 
development of synthetic-resin moulding it can be used over 
wide ambient temperatures, i.e. between arctic and tropical 
conditions. The material remains firm and must therefore 
impose mechanical strains on the core iron. Stalloy will there- 
fore probably have to be used. It is not clear whether Figs. 1 
and 2 are representative up to 200VA. 

Designs of combined voltage and current transformers appear 
to have been produced oversea, using normal electromagnetic 
constructions (11-44kV) with unearthed primary winding. A 
saving of one h.v. bushing occurs, and I would be interested in 
the authors’ comments on these designs. 

The authors are primarily interested in the complex transient 
conditions affecting current transformers, and therefore metering 
receives only passing mention. The purchaser usually has to be 
persuaded to choose class-BM current transformers, and I 
wonder whether the term “‘adequate” in Section 3.1 refers to 
output only. 

Secondary currents of 1!amp will become more common, but 
certain exceptions will prevent complete uniformity. For 
example, compounding current transformers used for load com- 
pensation of automatic voltage regulators will require the normal 
Samp secondary rating because of the physical dimensions of 
secondary-circuit components. 

In telephone engineering many thousands of standardized 
safety gaps must be in use. It is strange, therefore, that their 
application to instrumentation circuits is so reluctantly accepted. 

Mr. A. J. Coveney (at Leeds): The authors’ reference to the 
penetrating properties of the new synthetic resins prompts me 
to question what proof or guarantee there can be in this respect. 
Are these resins dependent on an exothermic reaction utilizing 
a hardening catalyst with the phenolic resin, and if so, are the 
authors satisfied that complete polymerization has taken place? 
With this type of solid insulation it would seem the only test is 
to dissect a sample from each batch of manufacture, as otherwise 
there is a risk that, after many years of service, decomposition 
will occur if the curing has not been complete. 

What internal temperatures are permissible before there is any 


* Gray, W., and WricuT, A.: Paper No. 1398 M, October, 1952 (see 100, 
Part Il, p. 223). 


j 
risk of insulation deterioration? Also, in the event of an open- | 
circuit on the secondary windings persisting for some appreciable | 
time, is there any risk of fire? 

With regard to the positioning of voltage transformers, and in | 
particular, when resistance-type fuses are not installed to protect | 
the high-voltage winding, we have learned from experience that, 
on feeder circuits, if the connection is taken from the incoming | 
conductor at a right-angle-bend point, it will be subjected to 
high-voltage impulses under lightning conditions. On certain 
constructions of switchgear in the past, lightning surges from 
overhead lines have been reflected at these points to the extent of 
arcing over a distance of 54in under oil. 

The authors’ work in deriving formulae and producing curves 
to indicate satisfactory sizes of current transformers that do not 
saturate should in my opinion be embodied in the new edition 
of B.S. 2046 or in a later edition which will apply to transformers 
for use with balanced-system protection, in order that some 
standardization can be adopted in future. 

Mr. G. Auton (at Leeds): In applying solid insulants to current 
transformers, certain important considerations arise which will 
not always be immediately obvious from even a protracted series 
of tests. The differing coefficients of expansion of the insulant 
and conductors have in previous experiments proved troublesome 
in excluding moisture. In addition, the permitted temperature 
for the copper conductor whilst working under fault conditions 
is approaching the softening point for the insulant, and the 
mechanical and electrical stress cannot, surely, be maintained for 
any appreciable period of time. 

Reference is made to the use of grain-oriented silicon steels as 
possible core materials for voltage transformers, and to the 
difficulty of applying these materials to a suitable core construc- 
tion. I cannot quite understand from the paper how this 
problem has been tackled, but I should be interested to learn 
whether the authors have had experience of type-C cores for this 
purpose. 

Now that we have had an opportunity to study the implications 
of B.S. 2046: 1953 covering protective current transformers, I feel 
that, unless correctly applied, it will result in a period of 
“organized chaos’ for current-transformer designers. Many 
years of habit have contributed to the popular conception that 
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I5VA is the rated capacity to quote when in doubt. More 
unfortunate is the popular request for class-C transformers for 
protective purposes. 

The application of cold-rolled steels to current transformers 
is now quite well established, but do the authors feel that the 
material has satisfactorily overcome its initial difficulties, as 
design data have varied considerably with the final annealing 
process ? 

Reference is made in the paper to the manipulation of burdens 
in volt-amperes, but I find a greater security in the use of im- 
pedances—a practice which is, of course, used in certain other 
current-transformer specifications outside this country. What is 
the authors’ opinion on a design procedure taking a saturation 
factor of 20 as standard and expressing the burden in ohms? 
This certainly facilitates an easier understanding by the ultimate 
purchaser, and gives the manufacturers a clearer picture of what 
the purchaser requires. 

Mr. R. N. Buttrey (at Leeds): I am interested in the authors’ 
claim to have made indoor-type current transformers suitable 
for impulse test voltages up to 100kV. Does this claim refer to 
11kV current transformers? Have such current transformers 
been constructed in accordance with typical restricted British 
switchgear dimensions, or more in line with Continental practice 
where much larger spacing and dimensions are permissible? 
What impulse-withstand voltage would be expected from a cast- 
resin design of current transformer complying with the typical 
spacing and dimensions employed in this country? 

The authors mention current-transformer open-circuit voltages 
of 7-8kV. Would such a maximum figure hold for current 
transformers having a ratio of, say, 400/5 and a short-circuit 
rating of 250 MVA 6-6kV? 

Messrs. W. Gray and A. Wright (in reply): In reply to Mr. 
Mendelson we would state that care must be taken in the design 
of resin-insulated transformers to prevent undue stress on the 
core. If this is done, any core material may be used. 

Voltage transformers having an output of 200VA_ with 
class-B accuracy have been produced. 


Switchgear in Britain over the range 11-44kV is generally or 
the metalclad type, and in the majority of cases only current 
transformers are required. Thus it is not economic to design 
the switchgear to take combined transformers of the type 
described. 

We cannot agree that the physical dimensions of secondary 
equipment are increased appreciably by the use of lamp 
secondary ratings, since the wire sizes are reduced proportionately. 

Spark-gaps in current-transformer circuits may have to 
handle very large currents when they flash over, and must have 
a flashover value which will not affect the operation of balanced 
forms of protection. The conditions are thus more difficult than 
with telephone equipment, and we feel that such gaps are there- 
fore undesirable. 

We would assure Mr. Coveney that the curing of synthetic 
resins is always complete, as the curing time used is well in 
excess of the minimum required. Short time ratings of 300°C are 
possible before deterioration occurs. The material used is thermo- 
setting and does not liquefy when heated. The spread of fire 
from this cause is therefore not possible. The resins used do 
burn, but not very readily. 

We have not had experience of using the type-C cores referred 
to by Mr. Auton for voltage transformers, but we feel that they 
allow the simplest construction when cold-rolled silicon steels are 
used. These steels cause difficulties when used for current 
transformers in balanced protective systems, as their charac- 
teristics may vary considerably even in one batch of material. 
A further disadvantage is their high remanence. With regard 
to Mr. Auton’s query on manipulation of burdens, we feel that 
while B.S. 81 allows several standard secondary ratings, less 
confusion is caused by expressing the burden in volt-amperes 
rather than impedance. We agree with his comments on 
B.S. 2046. 

In reply to Mr. Buttrey we would state that 11kV current 
transformers have been made which will withstand impulse 
voltages up to 100kV. Such transformers are no larger than 
those used at present in British switchgear. 


DISCUSSION ON 
“POST-GRADUATE ACTIVITIES IN ELECTRICAL ENGINEERING’’* 


Before the NORTH MIDLAND CENTRE at LEEDS, 9th December, 1952, the SouTH MIDLAND CENTRE at BIRMINGHAM, 5th January, the SOUTHERN 
CENTRE at SOUTHAMPTON, 21st January, and the NORTH-EASTERN CENTRE, at NEWCASTLE UPON TYNE, 23rd March, 1953. 


Prof. G. W. Carter (at Leeds): The authors are quite clear that 
they regard research in universities by newly graduated men as 
not so good a training, nor so effective a mode of obtaining 
scientific results, as the same research done in industry. I have 
had the opportunity to discuss this problem with the directors 
of certain research institutions, and, on the whole, I did not find 
that they took quite so sweeping a view as the authors; the 
general opinion was that, for a few really research-minded men, 
research work in universities is beneficial. The practice of my 
department is based on this view, so that we accept a few research 
students, but take care before doing so that they are really 
suitable. 

It is worth pointing out that when a graduate elects to remain 
at the university for a further year or two, he does so at some 
financial sacrifice, since the level of research grants is over 
£100 a year lower than the level of remuneration for graduate 
apprentices. The research students make a valuable contribution 
to the life of a university department, forming as they do a link 
between the teaching staff and the undergraduates. When 


* Gipps, W. J., EDMUNDSON, D., Dimmick, R. G. A., and Lucas, G. S. C.: Paper 
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members of the teaching staff are themselves engaged in research, 
it is very useful for them to have one or two research students 
working on allied problems; in suggesting that senior members 
should continue personal research, the authors are perhaps for- 
getting that it is difficult for them to do so in isolation and without 
the complementary research of younger men. It is true that the 
research of a young graduate benefits the man more than the 
industry, but that does not discredit it. 

I believe that a strong case can be made out for saying that a 
young graduate may benefit greatly from a period of research in 
the university. It gives him something that he has not had 
during his undergraduate course—time to think and consolidate 
his knowledge. In industry people fulfil specialist functions, 
and the man who carries out tests is frequently not the same as 
the man who plans them; in the university the young man has 
the better training of doing both the thinking and the experi- 
menting himself. Furthermore, the specialists in industry are 
extremely expert in some fairly narrow field, whereas university 
teachers are not usually experts, but are able to tackle a wide 
variety of problems from first principles; I believe that it may be 
more stimulating for a young man to discuss his work with a 
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senior who is not too expert, especially as in some problems 
progress depends upon finding that the ideas of the expert were 
partly wrong. For these reasons, I consider that research work 
in universities may be a training of great value. Of course, it 
would be better if we could get our research students when they 
have had a period of industrial experience. If, besides putting 
into effect the research scheme described in the paper, the 
authors can also use their influence to enable a few men to spend 
a further period in the university at the end of their apprenticeship, 
such men might benefit greatly. 

Dr. E. C. Walton (at Leeds): The authors are opposed to the 
creation of new technological universities for the purposes 
enumerated in the first paragraph of the paper. With this 
opinion I agree, but I am unable to accept the implication in the 
last few lines of the paragraph to which I have referred: I cannot 
believe that the authors would deplore any movement by existing 
universities and colleges to provide “many more graduate 
engineers” and to afford ‘‘extensive facilities for research and 
development in all branches of industry.” 

In my view there is a case for the improved training of selected 
men from the group pursuing the normal industry-based route, 
i.e. a five-year apprenticeship coupled with part-time courses 
leading to Ordinary and Higher National Certificates. This 
improved training should take the form of industry-based sand- 
wich courses of the type referred to by a previous speaker. The 
general plan for such a course might be: one year in industry 
with concurrent part-time attendance at a technical college 
followed by selection on merit for a subsequent four-year sand- 
wich course (6 months in college, 6 months in industry per annum) 
and finally a further year in industry coupled with post-graduate 
training. This type of course offers a wider and deeper training 
than is possible with existing National Certificate schemes. The 
existence of such courses should encourage boys from secondary 
grammar schools who might otherwise be attracted into other 
industries, to enter the electrical engineering industry. Such 
sandwich course schemes are dependent upon a large measure 
of co-operation from industry, as the students will need a main- 
tenance grant or the payment of wages during each period of 
six months spent at a technical college. 

The need for such sandwich courses giving improved training 
facilities to selected men from the industry-based stream has, I 
think, been emphasized by the authors, particularly by the con- 
clusions given in the last paragraph of Section 5. 

Turning to post-graduate evening or part-time day courses at 
technical colleges, the weakness mentioned under (a) in Sec- 
tion 4.2.2 may be overcome by arranging for a member of the 
full-time college staff to act as organizing lecturer, responsible 
for co-ordinating the work of the several visiting lecturers. 

The interwoven series of lectures given in the Advanced 
Engineering Course described by the authors appear to be a 
most valuable form of post-graduate training, with immense 
possibilities. Can the authors describe the method of selection 
employed for entrance to the course? Is the course intended 
mainly or solely for those graduates likely to be engaged on 
research or development work? 

The content of the Advanced Design Course (Section 7.3) 
appears at first sight to be unsuited to the needs of men with 
Higher National Certificates. The severely practical bias given 
to the lectures appears to be unnecessary for men who have 
presumably followed a five-year apprenticeship in the works. It 
may be, however, that the lectures are concerned with new 
developments in manufacturing techniques, rather than with 
standard methods. Perhaps the authors would enlarge on this 
point. 

Mr. A. J. Coveney (at Leeds): There is no doubt that the 
burden of scientific training has been for years the responsibility 
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of the industry, and the paper indicates the advanced nature and 
the costliness of such training which has been undertaken by a 
large manufacturing organization in the electrical industry. Will 
the authors express their views on the merits or otherwise of 


setting up a specialized National College or Institution, sponsored — 
by the Government and supported by both the industry and the | 
universities, to give this advanced training to the electrical | 


engineer? Such a college has already been set up by the aero- 
nautical industry at Cranfield, which, in addition to providing 
the post-graduate course, also provides the facilities for advanced 
technical research and training. 

There has been no mention of the Faraday House student. 
Possibly, in view of the sandwich course, the authors would 
recommend a different syllabus in the scheme for these students. 

With regard to interchange, I think not only should manu- 
facturers send their senior technicians to give lectures to colleges, 
but also, as mentioned in Section 4.2.3 of the paper, by the 


lectures already given by Prof. Carter, the colleges should like- | 


wise provide certain lectures to students at manufacturers’ works. 
I would also stress the importance of exchange of students 
between the manufacturing industry and the supply world and 
vice versa. This interchange of knowledge with the various 
problems and difficulties concerning each section of the work 
would help to solve many of the problems of to-day and to reduce 
some of the delays in both planning and production. 


The authors refer to eight professorships and ten doctorates | 


awarded in the last ten years to men from the industry. It 


would be interesting to know what sort of training these men | 


received. 

The immediate problem is no doubt the acute shortage of 
suitable young men. With the demand for technicians in the 
Armed Forces and attractive appointments in the Colonies, British 
industry must provide suitable and equal prospects both in 
advancement and money, if it intends to retain its share of these 
younger men, and no doubt with the rising cost of living and 
taxation, the financial aspect is considerable. 

I would conclude by quoting the well-known old Chinese 
proverb: 


If you plan for one year, plant grain. 
If you plan for ten years, plant trees. 
If you plan for a hundred years, plant MEN. 


Prof. A. Tustin (at Birmingham): There is urgent need, with 
no fear of surplus, for a greatly increased flow of men with the 
knowledge, the keenness and the personal qualities to press 
engineering development ahead faster. The honours degree 
standard, supplemented by two years of practical training, is 
only a beginning of the process of building up the knowledge 
and skill that these men require. They require, in general, more 
mathematics, and in particular a deep and intensive study of 
different sets of specialized topics close to their particular 
specialization. It is agreed that such men should be thrown at 
a very early stage into work that calls for creative and discrimi- 
native mental effort, and for the play of their highest qualities 
of intellect and determination. 

The controversial issue that is raised is whether such men 
would progress better in the long run, as a first alternative, by 
returning to the university for one, two or three years as post- 
graduate students, or as a second alternative, by being employed 
on development work in industry for the same period. It is 
important to note that the period in question is most usually only 
one year, and only for exceptional students should two or three 
years be contemplated. 

suggest that both of these courses are inherently capable of 
giving the required result provided that certain conditions are 
met, and that we must change the question entirely from the 
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form “whether A or B” to the form “how can we make both A 
and B effective?” 

I am well aware that post-graduate training in universities needs 
improvement; but perhaps even more so does post-graduate 
training current in industry. Let us find out what is wanted in 
both fields. In the first place, as Prof. Willis Jackson said in the 
discussion in London, there must be no question of doing away 
with research in the electrical engineering departments of the 
universities. Industry’s first demand on the universities is for 
first-class undergraduate tuition. It is, in my view, essential in 
the long run, if we are not to see the standards of undergraduate 
teaching sink to squalid incompetence, that a high level of 
research activity should be maintained in such departments. 

If research work is being properly carried out in engineering 
departments of the universities (and industry could and should 
help to see that this is the case), there is scope for training 
there a limited number of post-graduate students. At present, 
because, as the paper admits, industry is unwilling to release men 
to return to the universities, a very large proportion of such 
places as are available is being filled by foreign students, in some 
instances much more than 50%. Thus industry is throwing 
away a resource that is at its disposal. 

With regard to the training that can be given to a young 
man in industry, the authors should make more clear whether 
they mean their remarks to be taken to apply only to the organiza- 
tions with which they are associated, where they may be justified, 
or to industry as a whole, where I am sure they are not. The 
authors know quite well that in very many departments in many 
firms the real need is to get young but technically mature men 
into the departments who have a fresh outlook and have drunk 
waters of inspiration from some other fountain than the 
somewhat stagnant pool of the department’s own inbred 
resources. 

For most of an engineer’s life, of course, his further studies must 
unavoidably be in parallel with his tasks of production, with the 
daily pressure of delivery dates, and the necessities of doing the 
job by the tools already to hand. The university gives a young 
man something else—it gives him time. Time to probe his 
problem to the bottom, to try unconventional approaches, to 
read widely rather than narrowly, to draw ideas from discussion 
with a great variety of persons. 

To sum up, I would say that I believe the author’s scheme of 
training within industry is of excellent intention and of great 
potentialities, but even in their own exceptional organization it 
will need immense devotion and effort to supervise it so that it 
will give anything like the results the authors hope for. I beg 
them also not to forget that, somewhat unsatisfactory as they 
think post-graduate training and research in the universities to 
be, it should be appreciated nevertheless that it is of overwhelming 
importance to the electrical industry that the work of university 
departments should be supported and strengthened, and that this 
requires the continued support of extra-mural research and post- 
graduate work. It is not at all a question of the research require- 
ments of industry being turned over to the universities; such an 
idea would be ludicrous. The resources of personnel and 
materials of the university electrical engineering departments are 
trivial compared with those of the great industrial and Govern- 
ment research establishments. The point is quite a different one, 
namely that their proper—if necessarily quantitatively small 
proportion of the total—research effort must be maintained and 
fostered within the walls of the universities. 

Mr. L. L. Tolley (at Birmingham): There is a problem which 
I think Prof. Tustin describes under alternatives “A” and “B,” 
and this is a personnel problem which is not capable of a definite 
solution. One can quite see, as Dr. Gibbs has pointed out, that 
if the individual remains at the university and does not get into 
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industry until he is about 30 years old, he gets in a way set into a 
groove; he has not been called upon to take responsibility for 
getting results, and if he does not do that until he is well on in 
years he may never get to exercise that responsibility. On the 
other hand, it is perfectly true, as Prof. Tustin has said, that to 
cut short the best men’s post-graduate studies arbitrarily might 
be in certain cases a serious mistake. The problem seems to be 
not a question of whether it is alternative “A” or “‘B” in general, 
but for each individual, and I see no option but to suggest that 
the university must give the indication whether the individual is 
such a person as ought to go on for several years. 

Prof. Tustin also referred to a point which occurred to me, 
that perhaps the organization with which the authors are asso- 
ciated has rather special conditions; it is a very large concern 
and it must have a large say in the technological training arrange- 
ments in Rugby. That does not apply to the same degree to 
firms in larger towns, nor to small firms in small towns. The 
Post Office is almost at the other extreme; it has a very small 
number of posts filled by men who might be taking post-graduate 
courses such as those mentioned in the paper. In Birmingham 
we should have perhaps six or seven, in Nottingham, Leicester 
and Coventry there would be only one or two, and none at all 
in the smaller towns. Obviously we have so few people that we 
cannot have the technical training establishments in the towns 
where the people are, and we are bound to depend upon the 
universities, apart from the fact that we do operate a National 
Training Centre for specialized courses on types of work with 
which the Post Office is particularly concerned. I am sorry I 
cannot quote comparable figures, but so far as I can remember 
the growth of technical staff in the Post Office has been very 
similar to that indicated in Fig. 1. I think the percentage quoted 
by Dr. Gibbs would apply fairly well to us also. I was very 
interested by Fig. 2. We have a somewhat similar system of 
grading, though not precisely comparable, since ours is a coarser 
grading dividing the men into five groups instead of nine. The 
main difference which would prevent a precise comparison 
is that we are really grading against “‘good average,’ which 
means that as the new man who comes in is not then “‘good 
average,’ Our new man goes to the “‘C’’ end, whereas the new 
man in Dr. Gibbs’s grading goes into “B.” I wonder whether 
that big “‘pile up” in “B” consists to any major extent of the 
new entrants. 

Mr. J. H. Patterson (at Birmingham): Mention was made of 
the ‘‘finished product.” We have a training scheme, and I have 
consequently had fairly considerable experience as regards this 
‘finished product’; I have been very disappointed indeed. 
Whenever a university graduate has been sent to me for a period 
of training, to learn perhaps more of the practical side than he 
has done hitherto, I always invite him to my office in order to 
outline the general run of what is intended and what we are 
trying to do. He is questioned to find out where his inclina- 
tions lie, and every endeavour is made to give him as much 
experience as possible in that direction. It seems to me that 
these people are ‘“‘spoon fed’? too much. My experience has 
been that they lack initiative to a very marked degree. The 
only man, in a matter of dozens, who showed any initiative was 
a Greek. He came and asked questions and I was very pleased 
indeed to do everything possible to put him on the right track. 
At the end of the period of training he was most grateful. I 
have found generally both a lack of initiative and inability to 
search round and find out information for themselves. 

I think a great deal depends upon the ability of the teacher 
himself. The teacher and mode of teaching is of the utmost 
importance. A poor lecturer can spoil a good student, and 
conversely, a good one can produce results from an indifferent 
type of pupil. I suggest that more initiative should be incuicated 
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into the students so that it will be forthcoming as and when they 
go out into business. 

Mr. W. H. Bell (at Birmingham): On this question of research, 
the doubt is how far people will find suitable leaders under whom 
to serve their research apprenticeship in industry. (It has been 
pointed out that the authors’ organization is exceptional in this 
respect.) J spent a good while in industry myself and on 
returning to the university realized with surprise how far the 
standard of research in industry is liable to fall below the best 
quality. 

It is the function of the universities to produce ideas, and not 
prototypes, though if some places in industry also produce ideas 
that is all to the good. The Percy Committee suggested that 
whereas our ideas are good the difficulty is in getting them put into 
practice. I do not see that it would help to transfer the potential 
source of ideas from the universities to industry, even if its 
fruitfulness were not diminished in the process. There might, 
on the other hand, be a case for a really joint effort between 
universities and industry by analogy with the position of the 
teaching hospitals in medical training. This joint effort would 
presumably take the form of a research institute, and the possible 
function of such an institute has first to be established econo- 
mically as well as academically. 

Given the present facilities, I think it is a fair compromise 
that the most promising students should do a one-year research 
course (e.g. the M.Sc. course which is available at a number of 
universities) to start their apprenticeship in research. This gives 
an opportunity for vocational specialization of studies and also 
gives the student an opportunity to exercise the initiative which 
the authors find so frequently lacking in first-degree students. I 
think such a one-year research course is the biggest contribution 
which the universities can make to the needs of industry at the 
present time, and I hope some of the graduates from such courses 
will eventually apply their abilities to the problems of production 
as well as those of developments. 

Dr. E. H. Norgrove (at Birmingham): I like Prof. Tustin’s 
treatment of “squalid incompetence” in teaching. I agree that 
research is no substitute for practical training, but under his 
eminent predecessor Prof. Cramp, it was possible to work on 
research and at the same time incorporate a good deal of practical 
experience. 

I should like to ask who are these supermen who do the 
assessing in the organization we are discussing, how are they 
trained and who assesses them? Finally, all this talk about 
education and so forth has been on a very high idealistic level, 
but we have to remember that the man has to live his life as an 
individual. It is all very well to say that he must spend so many 
years doing this and so many years doing that, but a man wants 
to get married, have a home and children, and I have yet to see 
any reference to that in these rather grandiose educational schemes. 

Mr. A. R. H. Thorne (at Birmingham): Little reference has 
been made to the financial side of training. It appears that the 
assessors of the usefulness of various students to industry are 
interested only when the fruit is ripening; what about the green 
state, when the students are given early training? 

Those who are fortunate enough to obtain substantial financial 
aid are able to go to a university. There must be thousands of 
students who only attain Higher National Certificate standard 
owing to restricted financial aid, whereas help at this vital stage 
would enable a large proportion of them to obtain a higher 
standard. I am interested to know whether active steps are 
being taken within industry to help those students who would 
benefit by additional training, this help being apart from scholar- 
ship aids of the usual kind. 

Mr. E. S. Hall (at Birmingham): Some of the views put forward 
have been rather weighted to suit the ideas of the authors; for 


instance the curve in Fig. 1 could well have been drawn as a) 
straight line. Similarly I feel that the curve of grading of the 
pass-degree engineer as shown in Fig. 3 looks rather a different | 
shape if you miss out the man who achieved Grade A+ at the: 
age of 30. It particularly alters the line drawn at the front part | 
of the curve. You must also remember that these points on} 
the curves represent different engineers and not the progress of | 
one engineer. | 
I should like any information the authors can give as to how 
these curves would look for the commercial engineer and for 
the engineer who takes up the manufacturing side. It has already 
been pointed out that we in this country do not suffer from the) 
lack of ideas but do suffer seriously from putting these ideas into 
practical shape; that is where the manufacturing engineer comes | 
into his own, and it is therefore very important to attract good 
men to the manufacturing side. JI should like to know whether 
the curves for the commercial engineer and the factory engineer 
would differ markedly from those for the design engineer; in 
other words, are the same qualities and the same type of indi- 
viduals required for the design engineer as for the factory 
engineer, and does the honours man, in general, still show up 
markedly superior for these applications as compared with the 
pass-degree and the Higher National Certificate man? 
Mr. W. S. Terzi (at Birmingham): The authors state that when | 
a man has completed his university course they do not consider | 
f 


it desirable that he should stay on for research, and when he has | 
once gone into industry his employers are not prepared to release 
him or, they say, he is not prepared to leave to go back to the | 
university, mainly for financial reasons or considerations of | 
seniority. The question, then, is when is he going to do research 
if that is his wish? They have examined the problem from their 
angle, but they have not really looked at it from the point of | 
view of the person concerned. We are living longer these days, 
why cannot we be left to enjoy our youth? Why all this concern — 
over the age at which we achieve executive status? 

Industrial and university research are usually not on the same 
level, nor have they had the same objectives; the former is usually 
a means to an end whilst the latter is an end to itself. If industry 
will not release men to go back to the university, it may become — 
impossible for the staff therein to carry on research work. It is 
not unlikely that this may result in the university staff becoming 
static and unprogressive, and that with tragic consequences as 
Prof. Tustin has already pointed out. Such a state of affairs 
would also obviate the paramount factor which differentiates 
between the individual universities from the technical point of 
view, this factor being the head of the department and the various 
research activities in which the staff are engaged. 

The suggestion made by Mr. Bell that some students be allowed 
to stay on for one year after graduation is excellent. As an 
undergraduate the student has to cover a certain curriculum; if 
he is allowed to stay on for one year after his finals, then not- 
withstanding the technical self-confidence which he would gain 
from such a period, the fact that he will come into direct contact 
with the staff in the research department may have a great 
influence on his future. Dr. Gibbs has said that a student may 
work on present-day research at the university and then take an 
appointment which is not at all related to that research. That 
may happen, but on the other hand a man’s future may be 
changed owing to his post-graduate activities in the university— 
his coming into contact with a eertain type of work which he 
may decide to continue afterwards. I think that this is a point 
to be emphasized. 

Mr. P. A. White (at Southampton): As a student I find the 
post-graduate training scheme rather discouraging. It seems to 
me that anyone who wants to get on in the electrical industry is 
faced with many years of extremely difficult and exacting work, 
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in fact he is faced with the prospect of being a glorified schoolboy 
until the age of 35. 

This prospect might discourage many students from entering 
the electrical industry. The scheme may well produce first-rate 
technical robots, but I wonder whether the authors have ever 
considered what type of men it will produce. 

Mr. A. T. Crawford (at Newcastle upon Tyne): 1 agree with the 
authors on the desirability of practical training and on the 
undesirability of the creation of new institutions. It would 
appear that graduate engineers, on completion of their university 
training, are not particularly anxious to receive practical training 
Onacourse. They are more inclined to look solely at the imme- 
diate financial reward they can obtain for their services, and they 
may be offered appreciably more than would be paid to an 
engineer undergoing his two years’ post-graduate training. 

One speaker has suggested that the authors wished to eliminate 
research work at universities, but I do not believe this is their 
intention, and I consider it essential to retain research facilities at 
universities, with an honours school having a limited number of 
post-graduate students. The limited capital expenditure that can 
be incurred necessarily limits the useful work by post-graduate 
students. 

The authors mention a universal figure of expansion in the 
industry of 4-5% relating to the technical staff necessary to 
maintain conditions on a satisfactory basis, and subsequently 
talk of engineers trained in England taking up appointments 
abroad. Is this figure truly universal, or is it only an average 
with comparatively wide variations in different countries? 

I endorse whole-heartedly the sentiment that grammar schools 
and public schools should be convinced of the soundness of 
recommending some of their best men to take up electrical 
engineering as a profession, and the universities can assist in 
this by allowing their staff to teach engineering subjects in 
grammar schools so that the entrant from a grammar school 
comes with a knowledge of more than simply pure science. 

Various comments have been made on the level to which 
mathematics is taught in different institutions, and the authors 
have found widely different standards in their men who should 
normally be at the same level. There is no suggestion that the 
man on the lower level could not absorb the more advanced 
work, and more vigorous steps should be taken to improve the 
level of mathematics up to the highest standards now taught in 
engineering courses throughout the country; I feel also that much 
more attention could be devoted in the earlier years to advancing 
the level of mathematics taught in primary and grammar schools. 
There would then be no need for the men in later life to spend 
time on further training in the subject. 

On the charts shown in Fig. 3 it is not quite clear why there 
should be such a limited number of honours graduates after the 
age group of 35, and the authors say that the evidence they present 
may lead to erroneous deductions unless it is analysed very 
carefully. For those of 35 years of age and over, pre-war 
technical education was reasonably stable, and I thought it would 
have been possible to gain useful evidence from the charts. It 
appears, for example, that honours graduates with few exceptions 
have maintained their early promise in later years, whereas pass 
graduates have more nearly remained as average engineers. 

Dr. W. J. Gibbs and Messrs. D. Edmundson, R. G. A. Dimmick 
and G. S. C. Lucas (in reply): In the discussion, university 
professors and other educationists have raised the question of 
research training in universities. We have to differentiate clearly 
between those men who intend to make careers in industry and 
those who wish to spend much of their lives in research. In 
general, it is undesirable for a man who seeks a career in industry 
to remain at the university after graduation. We agree that there 
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are a few exceptions to this general statement. It is said that 
unless university staffs have post-graduate students working under 
them, their own research work must suffer and the teaching of 
undergraduates must ultimately deteriorate. We think that if the 
universities retain those seeking careers mainly in research plus 
the few exceptions cited above, they will have enough post- 
graduate students to prevent any deterioration in either teaching 
or research. 

It is our experience that those who do stay at the university 
immediately after graduation for two years’ research are not 
willing to follow this with an apprenticeship in industry. They 
expect to by-pass the practical training; they consider their two 
years’ research as an equivalent, which it emphatically is not. 
With regard to the period immediately following apprenticeship, 
we have found that men are reluctant to return to the university 
at this stage because they are keen to take up an appointment 
either with the firm at which they were apprenticed or elsewhere. 
They are even more reluctant to return after some years on the 
staff because by then they are specialists, already immersed in 
their own researches, and they fail to see what benefit they 
would obtain by breaking into this work to return to the 
university. 

Let us repeat that we do not ask the universities to abandon 
research work and that we recognize that exceptional men have 
to be treated as exceptions. However, it does seem undesirable 
for a man aiming at an industrial career to be kept, after gradua- 
tion, in what is almost admitted to be the leisurely atmosphere 
of the university where he ‘“‘has time to think.” Mr. Terzi says 
“why cannot we be left to enjoy our youth?” We ask educa- 
tionists to ponder this question and its context. We also draw 
attention to the contribution of Mr. White, another student, who 
is dismayed at the prospect of additional study in industry. No 
one is compelled to undertake further academic study after 
graduation, and many do not. 

We can now deal with some of the specific questions raised. 
Dr. Walton raised some concerning the Advanced Engineering 
Course. It is intended only for those wishing to take up design 
or research, and the selection is made from an assessment of the 
work done in the preliminary course at the College of Technology 
and the examination that terminates it, and as a result of indi- 
vidual interviews. The lectures in the Advanced Design Course 
are concerned with special techniques and new developments. 

In reply to Mr. Tolley, the engineers graded “B” form the 
largest group because all new entrants start with that grading. 
Mr. Hall suggests that Fig. 1 could have been drawn as a straight 
line. This is true. No set of points determines the nature of the 
curve to be drawn through them. We chose a compound-interest 
curve because the industry is expanding according to this law and 
it seems reasonable to suppose that the expansion of technical 
staff follows the same law. However, if a straight line is drawn, it 
reinforces our argument that a vast increase in the number of 
graduates in engineering is unnecessary. 

Mr. Hall is right in suggesting that the curves of Figs. 2 and 3 
would be a little different for commercial and factory engineers. 
For instance, personal qualities are of prime importance in the 
commercial engineer. While, therefore, the grading of honours 
graduates would not be markedly different, the pass men and 
Higher National Certificate men would tend to rise more quickly. 
A more important difference lies in numbers; the factory and 
commercial departments tend to have a smaller proportion of 
graduates on their staffs. 

We regret that owing to space limitations we cannot discuss all 
the points raised, but we are very grateful to all who have taken 
part in the discussions and thereby given us all food for thought 
on this most important subject. 


DISCUSSION ON 
‘DOMESTIC ELECTRICAL INSTALLATIONS—SOME SAFETY ASPECTS’”* 
SOUTHERN CENTRE, AT SOUTHAMPTON, 9TH JANUARY, 1952 


Mr. H. E. White: While the sale of refrigerators has increased, 
I feel that the percentage of fires per refrigerator has not increased. 
I note that the television-set figure was 96, and although the 
author states that he does not know the number of increased fires 
at the moment, does he think that if a television transmitting 
station opened up in this area, television sets would be a serious 
source of fires? 

It is the Southern Electricity Board’s practice to insist on 
earth-leakage trips where the earth in rural areas cannot be con- 
nected to a metal water-pipe, and I am wondering what the 
author’s views are, if we use these earth-leakage trips in a more 
general way as a protection against fire. In describing the 
lantern slide on circuit-breakers, the author stated that a certain 
Board did offer this together with free maintenance, but I do not 
think it would be a practical proposition for any Board to 
maintain the circuit-breakers. Perhaps I have not the true facts. 

We have recently had a fire in an electric drying cabinet of a 
fairly well-known make. Two fires have occurred in this type, 
which is used in a school or hospital where towels have been put 
on the racks. A towel had fallen down on to the elements rated 
at 2 250 watts, and the terrific heat at the bottom of this cabinet 
caused the fire. I should like a little advice from the author on 
fires in drying cabinets. 

Mr. H. Bateman: Domestic installations on which uncleared 
earth-leakage can occur constitute a danger, and, as is emphasized 


by the results given in Tables 3 and 4, the circumstances permit- 
ting this occurrence are all too frequent. 
reducing the loop resistance and consequently the danger can 
often be found by the use of the service cable sheath for consumer 
earthing. Although it is appreciated that particularly in some 
of the older installations this method cannot be applied for 
technical reasons, approval of its use is not generally expressed 
by the supply authorities. Can the author say whether there 
is any likelihood of obtaining some general agreement with the 
supply authorities on this subject? 

It is of interest to note from Table 5 that when improving the 
earth resistance of a number of installations, in order to achieve 
a resistance of Jess than 1 ohm, it was almost invariably necessary 
to make the connection to a water pipe. In general, then, if this 


method was used by consumers it would seem that any difficulty | 


in obtaining a low earth-loop resistance would be at the supply 
transformer. On the other hand, it is apparent from Tables 3, 4 


and 5 that it is not uncommon for water-pipe earths to be called 
upon to carry currents exceeding 100amp under fault conditions, — 


and in such cases as test No. | in Table 4 continuously. 
Perhaps the author would be good enough to comment on the 
suitability of domestic water-pipes for this duty. 


(The author’s reply to the above discussion will be found on 
page 252.) 


NORTH-EASTERN CENTRE, AT NEWCASTLE ON TYNE, 11TH FEBRUARY, 1952 


Mr. G. W. B. Mitchell: The subject of the paper bristles with 
difficulties. For one thing, the available statistics are inade- 
quate, and for that reason the interpretation of such as are avail- 
able is open to argument; for another, the problem has to be 
considered from several angles—human, political, economic, 
technical and, last but not least, legal. 

There would be little technical difficulty now in providing 
complete protection against fire and loss of life, but the cost 
would be great and we must not lose sight of the fact that it is our 
duty to provide a cheap and abundant supply of electricity. 
This, like any other service to the community, cannot be pro- 
vided without some risk: the difficulty is to decide how much. 

I do not think that the ordinary citizen is really “risk con- 
scious,” except in the abstract, and any supply authority has 
great difficulty in “‘selling’’ safety if the consumer knows it will 
cost him more than a very small sum. 

There is, of course, no such thing as no risk in life, and I 
believe that any community which decided to subject itself to no 
known risks would die out pretty quickly. The avoidance of the 
risk of childbirth would alone see to that. 

That is not to say that I do not think that very careful con- 
sideration should be given to the matter, but rather that it is 
difficult to maintain a proper sense of proportion and I often 
feel that in this country we tend to lose it in electrical matters. I 
would like to see the total number of fires caused by electricity, 
given in Table 1, related to the total number of buildings in the 
country. On this basis the risk is very small, otherwise insurance 
premiums would be much higher than they are. 

Surely, before we decide to spend a lot of money in reducing 
electrical risks we should compare these risks with all others: 
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risks from ordinary fires, falling downstairs, boiling fat, traffic 
on the roads, dogs and storms killing livestock, and a hundred 
others. Without this comparison we are in danger of loading 
one particular service with a disproportionate burden. The 
whole matter turns on the undefined word ‘‘reasonable.”’ 

In my view it would not be reasonable to pay more than we 
are now doing for domestic electrical installations, and, if pos- 
sible, they should be made cheaper. If we can improve their 
safety without extra cost, however, by all means let us do so. 
The cost of maintenance of more elaborate installations would 
alone be important, if the elaboration were to be continuousiy 
effective. 

Mr. E. C. Lennox: I agree that the figures provided in Table 1 
leave ‘“‘room for widest divergence of view.”” They are provided 
by Fire Brigade reports. Nevertheless the author’s interest and 
advice on such matters is always appreciated by the industry. 

The Institution’s Wiring Regulations regarding earthing are 
limited to consumers’ premises. It is not established that 
undertakers have responsibility to ensure a return path from a 
consumer’s earth point on his installation to the substation trans- 
former neutral. In high-resistivity areas, with lack of metal 
water-pipes, undertakers must consider multiple protective 
earthing. Conditions of the Ministry of Fuel and Power for 
multiple protective earthing are generally considered to be too 
arduous. Facilities provided by the undertaker who has met 
the additional cost of multiple protective earthing should be 
conditional upon relief of the undertaker from liability; for 
example a Post Office telephone box—no water supply available— 
could use instead of costly earth stakes the sheath of the supply 
service cable as an earth. It would seem ungracious on the part 
of the consumer if, as a result of using this facility and saving 
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cost in the installation, he should place the full responsibility of 
earthing of the installation upon the undertaking. 

Earth-leakage circuit-breakers are the alternative answer to 
rural electricity consumers without adequate earthing facilities. 
The cost may be relatively high compared to fuses, but already 
the cost of service to the consumer is higher than in urban areas 
where water-pipe earthing facilities are normally available. 
Earth-leakage circuit-breakers should have a much wider use, 
and, having regard to their cost, there should be no objection 
to their controlling the whole installation where, if necessary , 
suitable overload protection can be provided for local circuit 
control. Detailed instructions should be given to consumers as 
to method of operation and procedure in the event of operation. 

Thermal protection offers considerable improvement in safety 
for such special applications as small motors in refrigerators, 
vacuum cleaners, radio circuits and so on. They should be so 
arranged that they can be replaced only by skilled personnel. 

Mr. K. M. Mackenzie: Table 2 discloses a ratio of 2 out of 
every 5 buildings examined as being defective. It would be 
helpful if the nature of the defects could be published along 
with any conclusions which might throw light on the fires 
recorded in Table 1. 

The paper refers to the difficulties encountered when inspecting 
and testing old installations. It is to be hoped that the National 
Inspection Council, if and when it begins to function, can enlist 
the co-operation of contractors to provide diagrams of con- 
nections and data sheets. A start could be made with new 
houses. As an inducement to the contractors they might also 
be authorized to fix an official warning label—say on the meter 
board—with standardized wording which might deter unqualified 
persons from making alterations and additions to the wiring. 
Public safety and business to contractors should result. Even 
if such notices were ignored the diagrams would, at least, assist 
subsequent work and inspection and testing. They will not all 
be lost or destroyed. 

Valuable information is given in the paper about experimental 
load tests made to determine the risk of fire in cable runs. It 
would be interesting to have the author’s views on the likelihood 
of. semi-enclosed rewirable fuses starting a fire. The hot flash 
which occurs when these fuses blow can readily ignite inflammable 
material. Prevailing shortage of solid fuel has undoubtedly 
increased the likelihood of overloaded house wiring. Tests 
carried out locally demonstrate that such overloads can melt 
the wax or varnish out of standard types of cable insulation. 
This fluid runs down over the fuse and it can be ignited by the 
fuse blowing. Evidence from these tests is being passed on for 
study by the appropriate authorities. The paper quotes ‘“‘tests 
which seem to indicate more risk at box-outlets such as connec- 
tions to distribution fuse-boards.” Is it probable that such risks 
are increased by the blowing of semi-enclosed fuses under the 
conditions I have described? Post War Building Studies No. 11 
specifically recommends h.r.c. fuses. It is not stated whether 
the authors of this recommendation had fire risks in mind, in 
addition to other technical and commercial considerations. If 
cartridge fuses do reduce the fire risk, should not this fact be more 
widely advertised? Insurance companies might thus be per- 
suaded to encourage their use by a lower premium. Dis- 
criminating premiums might prove to be much more effective 
than technical arguments about discriminating fuse charac- 
teristics. Although the financial inducement might appear to be 
insignificant, such a policy would exert a strong influence on 
future practice. 

Fused plugs in outlet sockets were developed primarily for use 
on ring circuits although they are no doubt being installed also on 
radial circuits. These small quick-acting fuses can afford useful 
protection against faults on appliances although they are officially 
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intended to protect the flexible cables only—see B.S. 1363. 
Table 1, however, discloses that by far the greater number of fires 
are caused by faults on the fixed wiring. I would like to know 
whether the author would agree that the circuit fuses—rewirable 
type only—are likely to be strengthened to ensure that only the 
plug fuses blow. This would leave the fixed wiring less well 
protected, and although it may result in less frequent operation 
they would certainly clear with more violence and flame when 
they did blow, and any fault developing in the fixed wiring would 
be more likely to persist and perhaps to build up dangerous heat 
at the fault. 

Mr. J. Mackenzie: When the first speaker, Mr. Mitchell, re- 
ferred so disparagingly to the life risk factor, I made a note 
“What is one life worth?” Perhaps Mr. Mitchell can let us have 
an electrical manufacturer’s assessment. 

He asks, “Are we expected to sell safety?” I say definitely, 
“No.” It should be provided free of charge by electricity manu- 
facturers, electricity undertakings and contractors. 

I have the honour to be a Member of the Institution of Fire 
Engineers, but at this moment I do wish that I also had the 
Diploma of your Institution so that I could enter into your dis- 
cussions with more confidence on technical matters. 

As a layman, I feel that what is necessary is good wiring and 
conduits, proper fusing, well-insulated appliances, safe switches, 
connectors, adaptors, etc., and sound workmanship. 

I can assure you that the types of fire which have been shown 
on the screen, caused by decrepit fuse boxes and distribution 
boards, faulty refrigerator motors, etc., have occurred quite 
recently in this city and that Mr. Swann’s figures of fires resulting 
from electrical causes can be accepted as factual. 

Portable electric fires, wireless and television sets and by no 
means least, refrigerators, as well as cheap and nasty wire, 
switches, plugs, sockets and adaptors, which are offered for sale 
in large emporiums at very attractive prices, all add up to a large 
fire-raising medium which can well result in the fire risk growing to 
a very serious extent. 

Between 1948 and 1951 more than 10% of fires which occurred 
in the Newcastle and Gateshead area were caused by electrical 
faults and appliances. 

My fire prevention officers are anxious to reduce this figure 
and have asked me to seek Mr. Swann’s opinion on three matters 
which may help in achieving this object: 

(1). The general suitability of polyvinyl chloride as a substitute 
for rubber, flexible or tough. How does it stand up to wear and 
tear in movement, in relation to the more usual materials used for 
flexible leads provided for domestic appliances ? 

(2) Could the use of foolproof circuit-breakers not be con- 
sidered in the modern home, or alternatively, cartridge-type fuses 
so fitted that substitution would not be possible ? 

(3) As electric kettles and irons are in many cases protected 
by thermostats or spring-loaded plug ejectors and subject to 
mechanical failure, does he think that a fusible link, incor- 
porated in the appliance, which would fuse at a predetermined 
temperature, would be better? 

Mr. W. Cross: Many installations have been in use with 
satisfaction to the householder for up to 40 years or more, 
without a major overhaul, and it will be found that the wiring 
functions satisfactorily if the cable is not disturbed for alterations, 
additions, repairs or for inspections; accessories such as the 
switches, lampholders, and flexible cords will have been replaced 
when necessary and will therefore be in fair condition. The 
number of serious faults is so small that the average householder 
supported by the experience of his friends is not prepared to pay 
for a thorough inspection. 

For houses I prefer wire-fuse protection to the earth-leakage 
protection mentioned by the author as it is not so elaborate, 
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requires less maintenance and inspection, is cheaper and fails to 
safety. The author devotes much space to the important 
subject of earthing, but I would appeal for a simpler approach to 
this as to other matters. I suggest that the supply authority 
should provide an earthed conductor (sometimes the cable 
sheathing would be suitable) connected to earth as often as 
possible, to which consumers’ earths, water pipes, gas pipes, metal 
structure or buildings and all other metal should be solidly 
connected, 

The author suggests that the neutral conductor should be 
connected to earth frequently, and in Section 8 he proposes to 
rely on the number of connections between the neutral and earth 
at consumers’ premises. This multiple earthing of the neutral 
would cause this neutral to be always at earth potential and it 
could be used as the earthed conductor. This system would 
permit the use of earthed-concentric wiring which I believe is the 
safest of wiring. 

Loop testing (Clause 7) for earthing is theoretically excellent, 
but I consider too elaborate (with its calculations) for routine test- 
ing of domestic installations usually with not more than 50 points. 

Mr. J. N. K. Rankin: I would like to raise a point in connection 
with pin-grip or close-joint conduit installations. 

Even if the installation is very carefully installed by a com- 
petent electrician, with all paint and enamel removed from the 
fittings and the conduit ends, no permanent guarantee can be 
given as to continuity. This applies particularly to pin-grip 
installations, where I would not care to give guarantee in dry 
situations for more than a few months, particularly in industrial 
areas where there is vibration. 

In the case of lug-grip installations, continuity will probably 
be maintained for longer, provided the situation is dry. Any 
dampness will reduce conductivity to a very small proportion of 
its original figure. 

Earth connections, which normally consist of an earth clip on 
the conduit and another on the water pipe, with a conductor of 
suitable size joining them, are particularly liable to failure through 
corrosion, and the earth clip, even though it may be carefully 
fitted to a lead water pipe, cannot be depended upon indefinitely ; 
firstly, the water pipe is not truly round, and secondly, the lead 
under pressure tends to flow. 

In a considerable number of cases of fires in domestic premises, 
which have been determined to be due to faults in the electrical 
installation, it has been found that the conduits and gas pipe 
were installed either in the same slot in the floor joints, or, what 
is worse, crossed at right angles so that there was a better chance 
of a point contact. 

Supporting Mr. Lennox’s statement regarding the provision of 
an earth circuit-breaker, the use of this circuit-breaker would 
eliminate the action taken by certain consumers who step up 
the fuses in the event of a fault until such times as there is visual 
evidence of defect by smoke, or otherwise. 

I would strongly support the use of a small circuit-breaker for 
local circuit control. Due to the present tendency to install 
cartridge-type fuses in domestic installations, there is some 
evidence that consumers, faced with the relatively heavy cost of 
replacement, are re-wiring these fuses themselves. A small 
attractively priced non-adjustable circuit-breaker would at least 
prevent this. 

Regarding the inspection of installations by a competent 
authority, while fully in agreement with the previous speaker, I 
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Mr. H. L. Jones: For many years I have been closely concerned 
with the safety aspect of electrical installations, and at recurring 
intervals when studying newly issued regulations or reading 
installation inspection reports, I have despaired of ever finding 
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am wondering how long it would take me to carry out the sug- 
gested tests on the 50 000 consumers’ installations in my district. 
Mr. J. S. McCulloch: Mr. Swann suggests that inspection and | 
test of protective devices might prove more practicable than large- 
scale inspection and test of installations and appliances already in | 
use. I would say that the large-scale inspection and tests of 
existing installations and appliances is not only impracticable 
but is impossible under present conditions and is likely to be | 
so for many many years. Furthermore, automatic protective 
devices in the home are liable to misuse and damage. In my | 
opinion the safety of domestic electrical installations can best be 
attained by ensuring that defective apparatus is not sold to the | 
public and that wiring is installed by properly trained wiremen. 
Now that we have a nationalized electrical supply industry I 
suggest that electricity boards or the central authority should 
establish proving stations to which manufacturers could submit | 
apparatus, and after they had been approved, authority be given | 
for the manufacturers to incorporate a marking device showing 
approval. A high standard of wiring installations can be 
achieved by a system of certified wiremen. Defective appliances | 
could then be traced to a particular manufacturer and defective 
installations to a certified wireman; and his certificate could be 
withdrawn after repeated breaches of good practice. 
As a rule water undertakings do not allow equipment to be | 
connected to their systems unless it bears their stamp of approval. 
I believe the Swiss electricity authorities also only allow appli- | 
ances bearing an approval stamp ASEV to be connected. 
Electricity Boards should insist on a similar procedure. Meter | 
readers could make occasional checks, and, as all approved | 
apparatus would bear an official mark, they would not need any | 
technical training to assess whether apparatus was safe or not. 
Furthermore, unmarked appliances would be difficult to sell. | 
| 
/ 
| 
. 
| 


| 
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One risk of fire damage not mentioned by Mr. Swann is the 
mounting of control equipment for fluorescent lamps remote 
from the lamps. The current-limiting feature of the choke pre- 
vents protective devices operating. | 

Mr. F. E. Heppenstall (communicated): The figures for the 
resistances of the loop tests shown in the paper are not unduly | 
high for rural areas. Some tests taken in Wigtonshire some years — 
ago showed transformer earths varying between 19 and 1300hms | 
before treatment. Where small village water mains were used for 
earthing of consumers’ premises a number of tests showed that 
the earth resistance of these water mains varied between 1 and 
6:6ohms. I do not see any reason why the earth-leakage switch © 
should be connected to an auxiliary electrode, as the operation - 
of the voltage-type earth-leakage switch is the same whichever 
way itis connected. The only advantage I am aware of for using 
a main and an auxiliary electrode is in the rare occurrence of a 
lightning surge affecting electrical appliances in the house. 
Even then I do not think there should be any difficulty if the trip 
coil of the earth-leakage switch is wound with heavy gauge wire. 

The question whether the domestic installation should be 
separated and more than one earth-leakage switch used is largely 
a matter of first cost and the type of maintenance given in rural 
areas. This question might usefully be put to the Electrical 
Association for Women. 


Mr. H. D. Phelps also contributed to the discussion at New- 
castle upon Tyne. 


[The author’s reply to the above discussion will be found on 
page 252.] 
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even one installation that was sufficiently up to date to be 
considered safe. 

Such a fit of despondency descended upon me when I first saw 
the statistics in Section 2 of Mr. Swann’s paper. However, in the 
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past, optimism has usually come to my rescue, and when I look 
around to-night I see there are still a few who have survived 
unscorched the flames of electric fires. 

Possibly the figures quoted in Section 2 first led me to believe 
the fires all occurred in domestic premises. Examination of the 
figures reveals that the total of 42 792 fires attended by the fire 
services in the United Kingdom in 1949 caused estimated damage 
of £467 per fire, and in the same year 7 228 fires thought to have 
been caused by electricity cost an average of £451 per fire. 
Perhaps the author will confirm that these figures include allt 
fires, not just fires on domestic premises. 

If my surmise is correct then I am not greatly concerned about 
the proportionately high figure of 2 250 fires believed to have 
been started in wire and cable. 

I am, however, interested to know whether the footnote to 
Table 1 implies there would be fewer fires if we abolished fixed 
wiring and relied exclusively on flexible. 

The author states that the proportion of defective installations 
indicated in Table 2 is not reassuring, but unless the degree of 
defect is studied no useful conclusion can be drawn, for he is a 
poor installation inspector who cannot find something wrong 
with an old installation. 

Referring back to Table 1, we see over 700 fires attributed to 
cookers, presumably electric cookers. Now the usual complaint 
concerning electric cookers is that they do not get hot enough to 
cook. Such complaints only occur when the cooker is defective. 

I can only suppose that the cooker fires in Table 1 were due to 
leakage currents referred to later in the paper. 

The author invites opinions concerning the fire risk incurred 
by old installations. I believe age has no bearing on the risk: a 
good installation will remain good indefinitely, and I have heard 
of a great number of fires in post-war pre-fabricated houses. 

The author’s reference to Electricity Supply Regulation 26 
gives me the opportunity of inquiring whether this particular 
regulation could be applied to an installation already connected. 
The regulation prohibits the Area Board from connecting when 
leakage would result, but does not mention disconnecting, and 
Regulation 32, although permissive, does not in practice ensure 
disconnection where leakage exists. 

The overload tests described in Section 5 seem to indicate that 
the B.S. current rating for v.r. cable is unnecessarily conserva- 
tive. If 12 times the rated current does not cause fire surely twice 
the rated current (where voltage drop is not involved) would 
mean the cable was “reasonably sufficient in size to prevent 
danger.” 

I agree that some fire risk is incurred by leakage to compo gas 
pipes, particularly leakage from earth-continuity conductors, 
which does not necessarily mean the resistance of the continuity 
circuit to earth is high. Sufficient leakage may be transferred to 
the gas pipe to cause melting at a point of contact with the 
earth-continuity conductor, and escaping gas is then ignited 
which soon causes rapid spread of fire. 

As an electrical engineer I deplore the use of compo gas pipes, 
especially when they are charged with gas. 

This risk can be partly removed by using covered earth-con- 
tinuity conductors, and of course should be eliminated by the 
installation of a differential-current circuit-breaker described in 
the paper. 

The use of such breakers would of course prevent earth leakage 
troubles entirely, although it would not clear phase-to-neutral 
faults unless and until they broke down to earth. The cost both 
of installation and maintenance would be an important factor, 
especially because reliability must be assessed, and I think it 
would be desirable to split even the smallest installation into at 
least two circuits each protected by a separate breaker, to ensure 
operation did not indicate failure of supply. 
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The time delay suggested by the author would sacrifice the 
most valuable feature of protection against shock. 

The use of temperature-operated protective devices has cer- 
tainly reduced fire risks, but these are not 100 % reliable and like 
all protective devices are often tampered with or short-circuited 
by the handyman. 

Finally, I would suggest that we ought to consider whether it 
would not be wiser to adopt a form of insulation and covering 
for all wires and cables that will not maintain a flame. Even 
where the cause of fire is not electrical, cable coverings whether 
new or old which will maintain a flame can assist a fire to spread 
very quickly. 

Mr. H. A. C. Smith: Briefly, I feel that this subject falls under 
three separate headings, although they are all interwoven— 
namely (a) education, (4) legislation, and (c) co-operation. 

First of all, education of the public. They are already educated 
in a particular sense so that they can mess about with electrical 
wiring which may have been admirably installed by a com- 
petent electrical engineer, but I do not think they are sufficiently 
educated to prevent them, for example, adding appliances and 
equipment, altering points to fit a particular plug or switch and 
sO, as we so frequently find, causing fires. Whether it is the 
responsibility of the electrical supplier or an Institution of this 
description to further educate the public, I leave to the meeting to 
decide. 

With regard to legislation, sometimes it amazes me to think 
that people, manufacturers, individuals can put on the market 
equipment which to say the least is lethal. I refer, for example, 
to a device for airing babies’ napkins; no thermostat was fitted 
and the consequence was that as soon as it was used, it was fired 
or caused a fire. Whether again this Institution could cause 
sufficient stir to bring about an alteration in our legislation to 
prevent such occurrences, I do not know, but in any case, I do 
suggest that the suppliers of electricity should also have some say 
in the matter. 

With regard to co-operation, | am amazed that there is not 
more co-operation between manufacturers, suppliers, consumers, 
and another body whom I am always trying to bring in where 
fires are concerned, namely the insurance company. 

It seems that an insurance company is quite satisfied provided 
that somebody pays a premium to keep on insuring premises 
irrespective of what is going on inside them. I know that it is 
difficult for representatives of industries and of suppliers to get 
inside the houses, but I do suggest that it is not difficult for 
people who are insuring property to get inside them, and yet still 
we find that premises carrying considerable quantities of electrical 
equipment are inadequately protected. 

Mr. J. Ross: Most electricians are aware of the necessity of 
earthing, but many of them do not appreciate that the resistance 
of the fault current loop is important. This state of affairs may 
be due to the fact that instruments for testing resistance are not 
generally available and those that can be obtained are expensive 
and too bulky for the electrician’s tool bag. 

Some years ago, Mr. T. C. Gilbert recommended a piece of 
apparatus which by reason of its simplicity and compactness 
would seem to solve the problem. It consists of a voltmeter 
shunted by a 100-ohm resistance with a switch in series. The 
phase-to-earth voltage is first recorded and then a second voltage 
reading is taken with the resistance switched in. The difference 
between these two readings is proportional to the resistance of 
the fault current loop. It would appear to be a fairly simple 
matter to calibrate the voltmeter in ohms and thus provide a 
cheap and compact resistance recorder which might become as 
ubiquitous as the electrician’s test lamp. 

I should like to ask the author whether he has had any 
experience of such an instrument. 
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Mr. J. N. Robertson: With regard to the installation of a 
safety device in the consumer’s premises which would operate 
automatically if conditions demanded it, the first thing a con- 
sumer would do would be to find out how it worked. We have 
had a lot of experience with a similar type of apparatus in this 
coalfield area. 

I think the biggest danger, as the Fire Officer mentioned, is for 
the consumer to add to the installation without sufficient know- 
ledge. I imagine that more than 50% of all the fires are caused 
through this reason. There are some dreadful fires caused by 
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Mr. H. J. Gibson: The paper contains some very useful in- 
formation and suggestions, but it might first be as well to get the 
problem we are considering in better perspective. 

Even without the reservation that the figures in Table 1 include 
cases not due to electrical defects in appliances, the total number 
of fires recorded is only 0:06% of the 13 million or so installa- 
tions in the country, and those attributed to wires and cable 
only 0:02%. 

In the past there has been too much uncontrolled and un- 
informed publicity on the dangers of electricity. If the relative 
risks are reviewed dispassionately, electricity is the safest service 
in the home and factory, and whilst proper advice should be 
given to consumers, it should be done in a way that does not 
alarm the public. 

Mr. W. R. Cox: The information given in Table 1 of the paper 
will have made a number of us revise the picture formed in our 
own minds relating to the frequency of occurrence and the causes 
of electrical fires in domestic installations. That electricity 
accounts for 16°% of the total number of fires does not seem to 
be unreasonable, especially when it is remembered that the first 
use of electricity in a house is to replace candles and lamps, 
which were responsible for a good many curtain fires and the like. 

A further examination of the statistics given show that the 
total number of cable fires is irregular from year to year, but 
that the increasing tendency is slower than the other increases 
recorded. This seems to indicate that the increase in fires from 
electrical causes is due more to the increased number and variety 
of pieces of electrical apparatus used rather than to an increased 
number of faults due to ageing installations. 

On the other hand, it is obvious that the great majority of 
installations made up to date will have a life appreciably shorter 
than the buildings of which they form a part. This problem is 
going to be a difficult one to tackle and will probably mean addi- 
tional regulations which are bound to be unpopular and therefore 
difficult to enforce. The author suggests two lines of approach, 
and a third might be the loading of the fire insurance premium 
on a graded scale based on the age of the installation. 

It is interesting to see from Table 5 how—in some cases—the 
resistance to earth can be reduced, but it would be interesting to 
know how long such improvement persists. 

Mr. J. R. Anderson: I think many faults with wiring are due 
to over-heating caused by bad contacts. I shall be very interested 
to know whether any experiments have been carried out to deter- 
mine whether bad contacts arise due to fatigue of the material. 
This might be either the copper conductor or brass pinch screws 
where these are responsible for the contact. It seems possible, 
owing to variation in loading and consequent heating cycles, that 
there may be fatigue which would eventually cause bad contact 
and give trouble at these points. 

Mention is made of bonding to water pipes, and I think we 
must be very careful because, quite apart from the use of non- 
conducting water pipes, some water undertakings, as a matter of 
practice, principle or habit, remove earth connections when they 
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consumers adding to the installations themselves. 


one, and in a coalfield where there are a number of colliery 
electricians, but wiring a pit and wiring a house are two different 
matters. 
extremely difficult, and such an area is North Derbyshire. 


Mr. E. R. Ashill and Mr. M. Wadeson also contributed to the | 


discussion at Derby. 


[The author’s reply to the above discussion will be found on | 


page 252.] 
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carry out repairs. Periodic inspections may give a false sense 
of security, since subsequent removal of the earth connection by 
the water undertaking may make a perfectly good installation 
quite dangerous. 

Mention is made in Section 8 of uncleared earth-leakage faults. 
In the case of a poor or faulty earth connection, a piece of 
apparatus such as a convector may become “alive” and a source 
of danger if the thermostat is connected in the neutral as is 
permissible. 

Figures have been given relating to the causes of fires in build- 
ings. I should like to know whether the author can indicate whal 
proportion of these has been due to misuse of the apparatus listed. | 

Mr. G. Palfrey: With regard to the necessity, or otherwise, of | 
making a test on the older installations, my experience has been 
that you may have an old house which has been used by a 
comparatively small number of people and the electrical installa- 
tion in it is 20-30 years old; it is taken over by a large corporation 
or used for flats, etc., and the use of that installation is very much 
extended. The load it carries is greatly increased, and I feel that 
it is very necessary to test old installations whether it interferes 
seriously with the terminal connections or not. 

Mr. G. S. Cattell: On the subject of electric fires and radiators, 
something might be gained by looking back. The first red-hot 
wire elements were made about forty years ago. Before then we 
were accustomed to lamp radiators, which were unlikely to cause 
ignition by accidental contact. 


In any area there are bad patches where earthing is 


This very fact may have left the | 


We suffer) 
from that a good deal in this area, which is a highly industrialized 


| 


| 
| 


impression in the minds of users that electric radiators or fires — 


are “‘safer’’ than other fires. 

Nevertheless the earliest red-hot wire radiators were fitted with 
guards, only to be discarded after the First World War, when 
many new firms began manufacturing domestic appliances and 
cheapness became the order of the day. Purchase prices fell 
from pounds to shillings. 

At this time, however, the Admiralty and shipbuilders con- 
tinued to specify guards for fires, but in domestic apparatus 
they were becoming conspicuous by their absence. The growth 
in accidents over the last thirty years makes the need for guards 
obvious, and fortunately the B.S.I. has now specified safety 
requirements. Mr. Swann’s paper will have proved of in- 
estimable value if it leads to a crusade against the manufacture of 
unsafe appliances. 

Mr. J. W. Bunting: I was very interested to hear of the develop- 
ment of a domestic earth-leakage circuit-breaker having a 
differential feature, but I wondered whether Mr. Swann, in his 
paper, did full justice to the ordinary voltage-operated type. 
He said, for instance, that where the supply was taken from a 
pole-mounted transformer having appreciable resistance between 
its neutral and earth there would be little voltage rise, under 
earth fault conditions, on a well-earthed piece of consumer’s 
equipment, and he went on to say that in such cases there would 
be little chance of a voltage-operated circuit-breaker operating to 
disconnect the fault. Surely, however, if such a trip were used 
its relatively high-impedance coil would be inserted into the earth 
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connection at the consumer’s premises and this would alter the 
distribution of voltage throughout the fault path; a very con- 
siderable proportion of the fault voltage would now appear across 
its terminals and one would expect it to trip very rapidly. 

Dr. W. G. Thompson: I have noticed at meetings on one or two 
occasions that it is assumed that the water pipe is a good earth. 
This is not the case in rural districts. There are many farms 
where water is pumped up over and into a water tank which is 
supported on wooden beams but not connected to the feed pipe; 
the domestic supply is taken from this tank and there is no con- 
nection to earth whatever. 

Mr. T. G. P. Nettleship: In reply to the author’s request that 
opinions be expressed as to whether electric blankets of the high- 
or low-voltage type were to be preferred from the aspect of 
safety, I would like to suggest that the low-voltage type is 
preferable. In this type the insulation between the supply mains 
and the user of the blanket is essentially that between the wind- 
ings of the step-down transformers used. The insulation is 
therefore in a position where it can be made adequate under 
controlled conditions and be easily checked. This type of 
blanket has a heating element of a larger cross-section than that 
of the high-voltage type, and is therefore more robust. It may, 
if desired, be earthed. The inclusion of a thermostat in the body 
of the blanket does not afford the high degree of safety that their 
use suggests. They are often so positioned as not to be in 
circuit when parts of the heating element touch and produce a 
short-circuit. I know of a high-voltage blanket which caught 
fire in the bed due to this cause. 

Mr. G. S. Buckingham: I think we would like the author in his 
reply to this discussion to give us some additional information 
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about the installation tests which he describes in Table 2. Could 
it be, for instance, that the defects which have come to light are 
the result of amateur wiring by the householder after the original 
wiring was put in? Or are they at the socket outlet or switch 
points, or ceiling roses? If so, it might be possible to bring an 
installation to a better state merely by changing some of the 
accessories instead of rewiring the whole house. 

If earth-leakage trips are installed, I think it is absolutely 
essential that they should not control the lighting circuits. It is 
the custom in this area for most domestic wiring installations to 
be done in t.r.s. cable, and in rural installations the earth-leakage 
trip is put on the cooker and water-heating apparatus, not on the 
lighting circuits. 

Mr. J. E. Boul: I was rather surprised that so little has been 
said about the necessity for periodic inspection of the earth con- 
nection to the apparatus. I have in mind a case where the 
manufacturer took every reasonable precaution to make a good 
earth connection from a cooker hotplate to the earth pin by 
providing a rustless steel wire brazed to the underside of the cast- 
iron hotplate. In time, after a few saucepans had boiled over, 
the hotplate rusted and we were then left with the earth wire 
attached to a piece of rust in free air and that was only found 
by getting a shock from a saucepan. I feel that, as time goes 
on, the necessity for examination of earth connections is as vital 
as the examination of the wiring. 

Messrs. G. Goodman and H. B. Mellor and Dr. E. Friedlander 
also contributed to the discussion at Birmingham. 


[The author’s reply to the above discussion will be found on 
page 252.] 


NORTH-WESTERN CENTRE, AT MANCHESTER, 1ST APRIL, 1952 


Mr. O. Howarth: Table | is very interesting, but one’s curiosity 
tempts one to inquire how many of the cooker fires or radiator 
fires are due to its being a heating appliance rather than an elec- 
trical appliance. When a fire has occurred it must be extremely 
difficult to determine whether the state of the wire caused the 
fire or whether the fire caused the state of the wire, and there may 
be a tendency when in doubt to blame electricity. Can the author 
tell us how reliable the figures for wire and cable are? 

I note that electrically caused fires constitute about 164% of 
the total during the last three years covered by Table 1. In view 
of the expanding use of electricity, and particularly in view of the 
probable greater incidence of amateur extensions to installations, 
I suggest that the last three years’ figures show that on the whole 
we are gaining in our measures to combat the risk. Supply 
engineers have ample evidence that the risk of a fatal electric 
shock is greatly enhanced when wiring is done by inexperienced 
and unqualified people. 

We have had recent vivid examples of this in the North Western 
Area during the last few months. An instance was the sale of 
pig farrowing lamps to farmers. The lamps have a concentric 
cap, and some traders sold them with lampholders which did not 
adequately shield the cap of the lamp. The farmers or their 
employees rigged up the lamps using a lampholder adaptor 
from an ordinary bayonet fitting to supply them and in some 
cases there was exposed brass which was alive at 240 volts to 
earth. One fatal accident occurred, and in conjunction with the 
National Farmers’ Union we managed to get a Press and B.B.C. 
warning and the Board took steps to inspect all known installa- 
tions of this kind. Quite a number of dangerous installations 
were discovered and the farmers warned and advised as to the 
remedy. Work of this kind costs the North Western Board a 
considerable amount of money. 

It would need an army of inspectors continually going round 


to all installations to avoid dangerous additions by unqualified 
wiremen. It is interesting to note what happens when the supply 
undertaking does take action. It has recently come to my notice 
that, as a result of an inspection made every time the North 
Western Board deliver an appliance, consumers have ceased to 
buy from the Board but purchase appliances elsewhere in order 
that they may not suffer expense resulting from an inspection 
of their installations. 

The author has referred to earth-fault currents and given some 
very interesting data in Table 4. There is no doubt that the 
more solid the connection can be made between the neutral of 
the transformer and the framework of consumers’ appliances the 
less is the risk of a fault not being cleared. 

Mr. J. N. Whitfield: The greatest danger of fire due to electrical 
installations is, I feel, caused by bad contacts and the subsequent 
overheating which usually takes place at joint boxes, fuse boards 
and switch-fuses. It is for this reason, in my opinion, where 
lead-covered and t.r.s. cables are employed in domestic in- 
stallations, and run under floor boards and in roof areas, that 
single cables should be used on the loop-in system and not twin 
and 3-core cables with their associated joint boxes. Single-nail 
buckle clips also constitute positions at which faults occur and 
therefore trouble due to overheating and fire risk—a danger 
which can be overcome by the use of a saddle in the form of a 
bridge with two nails, one on either side. 

Mr. W. E. Swale: The many interesting technical points raised 
by the author are timely; but he rather side-steps the important 
issue of the relative responsibility of the contractor, supply 
authority and consumer. For instance, referring to the use of 
non-conducting water pipes, one large authority clearly recog- 
nizes its obligations and has been carrying out a systematic earth- 
ing and bonding operation in the case of hired appliances installed 
before 1935. Many thousands of installations have still to be 
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inspected, and one would like to ask the author where, in his 
opinion, such obligation ends. 

The practice adopted in Switzerland of testing every domestic 
installation every seven years is obviously ideal and may well cost 
less than the estimated financial loss by fires attributed to elec- 
trical causes. 

In a Sub-Area in the North West containing 380000 con- 
sumers, one may assume that 84000 existing installations are 
more than 20 years old. It is reasonable to assume that by 
appointing 20 additional inspectors, it might be possible to test 
these 84 000 installations in a period of 5 years, but that would 
by no means solve the problem. All supply authorities will carry 
out periodic tests at the request of, and at the cost of, the con- 
sumer, but the number of requests for this service is infinitesimal. 
The usual excuse for testing existing installations is change of 
tenancy, the incidence of which is such that many installations 
never get visited whilst others are inspected much more frequently 
than once in 20 years. 

Mr. S. R. Mellonie: The magnitude of the difficulties involved 
in providing safety in domestic installations may be visualized by 
considering such an installation in a fifth floor flat, a farm housed 
on a rock foundation or a row of the older type of terraced 
houses fed from an underground network of cables without a 
lead sheath. Such conditions still survive in parts of the older 
undertakings. 

The author devotes much attention to the fire risk, and follow- 
ing a series of fires in this area careful tests were made to simulate 
the conditions with a view to ascertaining the origin of such 
fires. However, in spite of full-scale tests involving ample power 
from a 1000kVA transformer and prospective currents of 
between 400 and 800amp, it was found impossible to start a fire by 
blowing open-type fuses touching v.r. cables or to maintain an arc. 

It would appear that the most probable cause is overheating 
of contacts. The action is cumulative and is aggravated by 
oxidation and the cycle of expansion and contraction due to 
switching on and off of the load. Such action might well take 
months and even years to set up conditions leading to a fire. 

Again, cases of fault conditions resulting in the melting of gas 
pipes and ignition of the gas are far too frequent, and it must be 
regarded as a serious defect in layout to allow gas pipes and 
electrical circuits to be in the same channel. 

In Section 8 the author visualizes the possibility that the 60amp 
domestic fuse of to-day may be 200amp in 10 years’ time. This 
is doubtful because it implies an increase in power station output 
which it would be impossible to achieve in the time, quite apart 
from the fact that the majority of domestic consumers would not 
be able to afford the electricity bills involved. 

Mr. W. F. Jarvis: I want to dwell for a few minutes on the 
safety, or otherwise, of harness or octopus wiring systems in- 
stalled in prefabricated bungalows, because in the last twelve 
months these bungalows have been very much in the news, 
particularly in Manchester. 

There are over 3 000 prefabricated temporary bungalows in 
Manchester, and despite all the recent publicity regarding fires, 
culminating in questions being asked in the House, I am happy 
to say that from information available the fire risk for these 
temporary bungalows is slightly lower than in permanent types of 
dwellings. 

We must remember that these bungalows were originally 
designed for a life of five years, later increased to ten, and no 
doubt this influenced the committee who decided upon the type 
of wiring to be installed. There were a number of novel and at 
the same time disturbing features about the installations. 

One was the omission of a main switch and fuse unit at the 
meter position. The v.r. or p.v.c. cables from the supply 
authorities’ cut-outs in the hall to the main panel in the kitchen 
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are approximately 15ft long. A number of faults to earth have 
developed and in some cases have melted the sheet-stee! or zinc- 


alloy pressings used to support switches and circuit fuses, without 


the main fuse operating. This is perhaps understandable when 
one realizes that the main fuse is of the h.r.c. type rated at 
60amp with a fusing factor of 1:6. What are the author’s views 
on this point? 

In theory, the prefabrication of wiring systems appears to 
have many advantages, but these advantages have been nullified 
in practice by careless installation, often by unskilled labour, or 
by skilled men in trades other than electricians. 
single-conductor cables have been used with pinching screw-type 
terminals—to my mind a weakness in a number of electrical 
accessories. Moreover, this type of terminal is frequently fitted 
in awkward positions which makes adjustment very difficult. 
Prefabricated bungalows built on sub-standard sites are often 
subject to much more severe vibration than permanent houses. 
With the pinching-type terminals loose connections occur, with 
inevitable over-heating and the possibility of fire. 

Owing to the number of fires which had occurred in temporary 
bungalows up to 1949, it was decided that the North Western 
Electricity Board should carry out an inspection of certain parts 
of the electrical installation in each one. We made 749 adjust- 
ments, including refitting cables into terminals in control units, 
replacing faulty socket-outlets, ceiling roses and switches, the 
faults often being due to tracking. 


Again, a lot of 


In 42% of the bungalows we found appliances inefficiently | 


earthed; 18% of control panels (which are mounted in the 
kitchens) required some service; and 142 consumers’ own portable 
appliances were found to be connected wrongly, that is the earth 
and the neutral conductors were crossed at the plug top. 

Dead mice were found in 30 control panels, having apparently 
gained access through cable ducts, the ports in the control panels 
having been left unsealed. 

Earth continuity between the earth pins of socket-outlets and 
the main earth on the cable sheath were found broken in a 
number of instances due to corrosion caused by excessive 
condensation. 


; 
| 
| 
| 
| 
| 


Condensation has proved, and is still proving a very grave 


problem in these prefabricated bungalows. We have had 
innumerable examples of plastic switches, connectors and fuse 
holders tracking, which if not discovered in time might have 
resulted in fires. 

Mr. A. Stewart: Whilst the loop-test instrument will certainly 
give a little more information than that normally obtained by 
installation inspectors, I feel there is a danger that too much 
reliance may be placed on the results obtained. The instrument 
illustrated is described as being capable of injecting a current of 
up to 8 amp and, on the basis of this, the current-carrying capacity 
of the earth-return circuit is assessed. I would be very reluctant 
to accept the high current-carrying capacity such as is indicated 
on some of the tests, Tables 3 and 4, on the basis of passing. 
8 amp by means of the loop-testing equipment. 

The combined differential-current and voltage-operated 
circuit-breaker is an interesting development, and I would inquire 
what the losses are likely to be with this type of instrument. 
Presumably they would fall on the consumer and would thus. 
increase the sales of electricity by the Electricity Boards. 

One of the major difficulties in applying the ordinary earth- 
leakage trip to installations is to avoid the possibility of parallel 
earth paths, such as exist in a water-heating installation or where 
a small domestic pump is installed, and it would seem that the 
combined differential current breaker will suffer from the 
same disadvantages if earth-leakage protection is universally 
adopted. 


In East Anglia, for a number of years before the war, we made: 
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it a practice to fit earth-leakage trips on cooker and socket outlet 
circuits where the earth conditions were not satisfactory and left 
the lighting, which was carried out in t.r.s. cables with shock- 
proof accessories protected only by fuses. It can be extremely 
disconcerting if a saucepan boils over on a grill boiler and puts 
the complete household into darkness. 

We also found a certain amount of difficulty with new solid 
hot plates and with the radiant-type plate, which appeared to be 
slightly hygroscopic. For these reasons, we found it desirable to 


place the earth-leakage switch adjacent to the cooker rather than - 


send the harassed housewife running upstairs or into the cup- 
board under the stairs each time the trip operated. We also 
encouraged the consumer to operate the test button occasionally 
and found that they were much more likely to do this when the 
trip was in full view. 

Referring to the faults in radio sets, there is one type of set 
which is especially dangerous, namely the type which uses an 
external resistance lead. Normally this lead operates at a fairly 
high temperature and, in the event of a fault on the radio Sets 
rapidly reaches a condition when it will be hot enough to ignite 
clothing, carpets, etc. Having seen two or three cases when 
minor fires have occurred by reason of such failures, I feel that 
this type of lead should be regarded as dangerous and appropriate 
steps taken to forbid its use. 

Mr. E. Roscoe: The author has said that electrically the factory 
is a safer place than the home. This may be a general statement 
or an accurate statistical statement; if the latter is the case then 
it is essential that some action should be taken in the near future 
to reverse this position. 

One possible reason for this is the difference in authority 
between the Electricity Board’s installation inspectors and the 
factory inspectors employed under the author. When the 
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factory inspector calls to see the factory owner on some point 
of electrical safety, he is in a position to give instructions that 
the defect shall be remedied and he has the power of the law to 
enforce this if it is not done. In consequence there is little or no 
delay on the part of the factory owner to correct any faults on the 
electrical installation to which his attention is drawn. The 
situation is vastly different with the Electricity Board’s inspectors; 
they have to go “cap in hand” and are often referred to as 
““snoopers,”’ and on some occasions are instructed to connect the 
installation and to get out of the premises as they have no 
authority to enforce the regulations recommended by The 
Institution of Electrical Engineers for the electrical equipment of 
buildings. Until these regulations are made statutory, Mr. 
Swann’s paper is mainly of academic interest. 

I think the time has come when a standard form for installation 
inspection covering domestic premises should be compiled on a 
national basis. 

I think there is far too great a tendency to believe in earth 
connections rather than a higher standard of insulation. It would 
be far better in the case of earth-free situations or situations that 
are practically earth free to depend on insulation rather than on 
earthing. For example, portable electric tools are often operated 
from a 230-110-volt transformer with the centre point earthed. 
It is my opinion that a greater measure of safety would be 
achieved if the centre point was not earthed, but it might be 
advisable to put a neon indicating lamp between the centre point 
and earth to indicate when there was an earth on either pole of 
the secondary of the transformer. 

Dr. R. Cooke also contributed to the discussion at Manchester. 


[The author’s reply to the above discussion will be found on 
page 252.] 


SOUTH-WESTERN SUB-CENTRE, AT ST. AUSTELL, 21ST MAY, 1952 


Mr. J. H. Phillips: Mr. L. Gosland in his paper read before 
the Supply Section, ““The Cost and Efficiency of Earthing on 
Low- and Medium-Voltage Overhead Line Systems,’ compared 
the cost and risk factors of a number of different methods of 
achieving earth-leakage protection and in conclusion provided 
arguments in favour of protective multiple earthing rather than 
earth-leakage circuit-breakers. 

I have always considered that a form of current-balanced 
leakage protection was the answer to earth-leakage problems for 
both urban and rural areas, and put forward as the reason for the 
dislike of any form of relay protection the fact that it was the 
custom in this area for meter readers to test such protection at 
least four times a year, whereas no tests are made of direct earth- 
ing and protective multiple earthing has not been applied on a 
large enough scale to discover any operating weakness. 

Mr. Swann has asked for comments on the use of both voltage- 
operated earth-leakage circuit-breakers and direct earthing on 
the same system; my own experience is that it has often been 
found necessary to erect 150yd of overhead conductor to provide 
4 connection to earth for the earth-leakage circuit-breaker, 
such connection being outside the earth field of private water 
supply systems in rural areas, these systems providing a direct 
sonnection with earth via water heaters, etc. 

A very good example of this problem was found when it was 
liscovered that an earth fault in one consumer’s premises caused 
he earth-leakage circuit-breaker to operate in the next-door 
1ouse due to the suction pipes of both pumping installations 
eing inserted in a common well. ; 

Mr. A. H. Warren: The author has suggested that the large 
1umber of earth-leakage trips now in use is an indication that 
hey provide a reasonably satisfactory solution to the earth- 


ing problem of domestic installations as against protective 
multiple earthing. Surely the real reason is that until re- 
cently the regulations governing protective multiple earthing 
were so crippling in cost of installation as to preclude its 
general use. The revised regulations present a very different 
picture and will often provide a better and more economical 
solution. 

Our experience on the maintenance costs of protective multiple 
earthing are somewhat limited for the above reasons, but I would 
suggest that if the alternative is between a current-balance pro- 
tective circuit-breaker installed in all premises and protective 
multiple earthing, then in rural areas protective multiple earthing 
will usually compare favourably for both initial cost and main- 
tenance costs. 

Mr. W. J. Guscott: The organization of the Supply Boards is 
already so geared that the cost of maintenance in the strict sense 
of the word is of secondary importance to charges on the capital 
involved. Each consumer’s installation is already visited 
frequently and continuously for meter reading and other pur- 
poses, and testing of earth-leakage protective gear should not 
prove a very serious additional burden. Similarly, the engineers 
are always concerned with routine maintenance, particularly all 
substation earths and maintenance of protective multiple earthing 
systems, so this need not be regarded as serious from the point of 
view of additional cost. 

Investment in capital equipment demands a return by way of 
sales of electricity of the order of about 30% according to the 
characteristics of the area. Presumably the combined differential 
current/voltage circuit-breaker shown in Fig. 5 of the paper could 
not be produced and fitted under the best possible conditions for 
less than £10. Taking the overall capital charges at 30%, the 
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annual cost would be of the order of about £3. Where is this to 
be found? Electricity Boards are commercial organizations, 
and it must be realized that whatever protective methods are 
adopted no additional electricity will be consumed. Already the 
high capital charges, particularly for housing estates, make it 
difficult for such business to pay its way, and further costs for pro- 
tective equipment on consumers’ premises would only add to the 
difficulty unless the consumer—who must pay in the long run— 


is prepared to pay for additional safety through the medium od 
higher tariffs. This matter of costs and charges in relation to’ ' 
revenue return will be particularly acute in areas where the; 
domestic consumer predominates. 

Messrs. A. J. Ramsay and L. Locker also contributed to the| 


discussion at St. Austell. 


[The author’s reply to the above discussion will be found on 
page 252.] 


NORTH MIDLAND UTILIZATION GROUP, AT LEEDS, 21ST OCTOBER, 1952 


Mr. E. Bramald: I was interested in the Table showing a 
record of tests on installations 30-40 years cold, and the incidence 
of 40°% faults is alarming. In my experience I have found a 
smaller percentage than this, but the defects are mainly due to 
faulty workmanship carried out subsequent to the initial in- 
stallation. 

I think a possible solution to the replacement of these ageing 
installations could be through the insurance companies offering 
reduced rates for fire insurance following the re-wiring of the 
premises and on the production of a certificate to this effect. 

Regarding fault currents which are run to earth, these are 
very readily dealt with in an urban area such as Leeds. In 
general, Supply Boards are to some extent bringing relief to the 
contracting side of the industry by granting permission to use 
the supply cable sheath as an earth electrode, provided, of 
course, that some form of indemnity is received before use is made 
of that earth. 

To some extent, this situation has been brought about by the 
advent of non-metallic water mains, but I agree that there is some 
justification for the development of a form of protection based 
on the core balance principle, particularly where fault currents 
are reduced owing to resistance in the earth-return circuit. 

I remember one case where hot water was emitted from a cold 
water tap. A cooker had recently been installed and had been 
“earthed’”’ to a draw pipe leading from a well. This pipe was 
merely hanging over the edge of the well, the end dipping into 
the water and the leakage current to earth had heated the water 
electrode boiler fashion. The water had been pumped into the 
tank in the roof from where it gravitated to the cold taps. Fortu- 
nately, no one received a severe shock, but the mystery remained 
as no faulty installation could be found. It was, however, 
recorded that the wiring for lighting, etc., comprised ordinary 
v.r. cables which were fastened to the walls and buried direct in 
the plaster, and were supported in the false roof by means of iron 
staples driven in the sides of the joists. 

Mr. E. Ellis: On the question of earthing, I am of the opinion 
that in rural and other areas where earthing facilities are in- 
different solid earthing should be installed, for the cost per con- 
sumer of an aerial earth wire is not excessive when related to 
the total cost of providing supply having regard to the increased 
safety factor obtained. This method would eliminate most of 
the difficulties now experienced in obtaining satisfactory earth- 
leakage protection. 

Mr. C. E. Laybourn: We are stressing the need for fireguards 
on all types of equipment, particularly electrical, and also on the 
dangers of employing a handyman to do any electrical repairs. 

Mr. Swann referred to the Fire Guards Act. This does not 
cover the many appliances which are already in use and which 
will not be affected by that law. There has recently been 
published a Report by the Department of Scientific and In- 
dustrial Research in which it is stated that over 7 000 fires were 
caused in a year due to electric appliances. We are stressing 
the need for non-inflammable material and the avoidance of 
flannelette in children’s clothing. The best type of control for 
these risks obviously is to put a guard on the equipment. The 


report does show the need for more and more educational 

propaganda for the general public to make them aware of 
the dangers of electricity, which must be treated with every 

respect. 

Mr. H. Lloyd: Mr. Swann’s remarks as to the permissible earth 
resistance to ensure the blowing of fuses seems to relate to open- 
wire fuses. The modern h.r.c. fuse with twice its rated current 
will blow in one minute, during which time a fire could be 
started; with four times the rated current, the fuse will blow in 
one second and this should be aimed at. If isolated earth 
electrodes are used, to allow for seasonal variations which may 
result in doubling the minimum resistance, a factor of safety of 
two should be applied, which means that the resistance of the | 
earth circuit should be such that eight times the rated current 
of the largest fuse can be passed. This is generally economically | 
impracticable, and I have long been of the opinion that nothing 
less than a solid metallic connection, provided by the sheath of a | 
cable system, or a system of metallic water pipes paralleling an | 
underground cable system, is satisfactory. 

I was very pleased to note the stress laid by Mr. Swann on the 
measurement of the loop resistance as I have been advocating this 
for years. A magneto-driven instrument is available, and whilst 
these may be too expensive for the small contractor to carry, they _ 
should invariably be used by the supply authority in the course 
of the pre-connection test. | 

Earth-leakage trips seem to provide the complete answer but 
they are subject to snags. They are delicate and the operating 
forces to comply with B.S. 842 are small. 

The devices must be cheap and must compete in performance 
with protection relays costing 15 to 20 times as much. My own 
view is that B.S. 842 is much too onerous, and a much more 
robust device with a current coil in series with the earth con- 
nection operating at, say, 1 or 2amp instantaneously should meet 
the case. The operation of a fuse will often be accompanied by a 
momentary rise in voltage on an unearthed appliance, consider- 
ably in excess of 40 volts. 

Fortuitous earth connections to gas pipes, water pipes, etc., 
can be avoided by the use of an insulated wiring system with an 
included earth wire. Such systems have the advantage over 
metalclad that they do not spread the effects of a leakage all over 
the premises in the event of a fault. 

Mr. F. Newey: In the table of burns due to contact, there is no 
statement as to the number of cases of gas or electrical fires. 

Referring to fires in television sets, we find regulations imposed 
by H.M. Factory Inspectors for high-voltage installations in 
factories, yet we take high voltage into our homes. It speaks 
well for the manufacturers that their appliances are so reliable. 

I was pleased to hear Mr. Swann’s optimistic note about the 
future and his estimate that the current in the home may be 
200amp. 

Mr. H. Moss: In 1928 and onwards I wrote a number of articles 
for the electrical Press with many illustrations depicting the rotten 
and disreputable wiring done throughout the land, and those 
are the kind of things that create fire risks. 

I carried out a lead-covered job—a good job—and it had been 
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inspected and passed by the respective engineers and was put 
into commission. I heard later that there had been a fire at the 
house. They had still in use a gas pipe which ran across the living 
room, and the residents decided after I left the job that they would 
like an extra point so as to be able to use an electric iron. They 
engaged a handyman who said he could do the work more 
cheaply. He ran a single lead-covered wire parallel with the gas 
pipe, in contact with it, and connected it behind the fuseboard, 
the lead covering on to the live side. The gas pipe melted and 
the house was set on fire; fortunately the fire was noticed in time.. 

On the 2nd October, 1952, a girl of 14 years of age, in Surrey, 
was having a bath. She reached out of the bath to take a towel 


SOUTH-EAST SCOTLAND SUB-CENTRE, 


Mr. D. Baird: Edinburgh is a city with a fine gas supply, and 
the majority of fires start with an electrical fault on an appliance 
causing current to travel to earth; often an extra way to earth is 
provided by the unofficial contact of compo gas piping with the 
electrical installation. At the point of contact the gas piping 
is punctured and the gas ignited, sometimes with disastrous 
results. This hazard will be reduced in future as the Gas Board 
are now using 19 gauge copper tubing for new and additional 
installations. 

I endorse Mr. Swann’s claim that steel conduit with outlet 
boxes at all points provides a very safe job. The only trouble 
j have come across on these installations have been earth faults 
on sunk switches suspended between the plate ring and the fixing 
screws in the box; the remedy is a grid in the switch box or 
careful fixing for the depth of the plaster. Broken bushes on 
plug outlets cause earths on the plug plates and give rise to 
trouble. 

Thermal relays appear to me to be an excellent means of pro- 
tecting expensive television sets, although some makers have 
designed fuses with a cold surge characteristic permitting the 
surge at switching on, but when the fuse has warmed up it will 
blow on a small percentage overload to its normal rating. 

In conclusion, I strongly recommend periodic inspection of all 
unattended automatic appliances such as immersion heaters, 
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from the towel rail and was killed. I was particularly interested, 
and tried to get to the bottom of the trouble, and received every 
assistance from the Press and the Electrical Contractors Asso- 
ciation. The reply to my queries from London was as follows: 


(a) The towel rail was purchased and installed by the family. 
(6) It was connected to a bayonet-cap lampholder adapter. 
(c) No attempt had been made to earth the rail. 


Mr. J. G. Craven and Mrs. E. Bradley also contributed to the 
discussion at Leeds. 


[The author’s reply to the above discussion will be found on 
page 252.] 


AT EDINBURGH, 29TH OCTOBER, 1952 


refrigerators, air compressors, fan space heaters, etc. Nowadays 
sO many appliances have considerable wear that the old policy 
of fit and forget no longer applies. 

Mr. J. L. Wood: In connection with the prompt clearance of 
earth faults, the author refers to the high reliability of trans- 
mission protective gear. Given the same high degree of skilled 
maintenance, no doubt automatic devices on consumers’ premises 
might approach a correspondingly high reliability, but the degree 
of maintenance of the average consumer’s installation must be 
very low indeed, and if the protective devices are maintained by 
the consumer they are unlikely to get much attention at all. It 
seems to me that this is where the automatic device will fail, 
although in itself it may be an excellent piece of apparatus. Even 
regular checking of its mechanism is difficult to do effectively in 
practice. The idea to get meter readers, for example, to push 
test buttons seems attractive enough, but, as the author says, it 
tends to imply responsibility and anything which does that is 
avoided like the plague. 

The Swiss may put the responsibility on the supply under- 
taking, but I fancy that their wiring specifications are more tightly 
framed than ours and have statutory powers behind them. 


[The author’s reply to the above discussion will be found on 
page 252.] 


MERSEY AND NORTH WALES CENTRE, AT LIVERPOOL, 3ND NOVEMBER, 1952 


Mr. A. V. Milton: The author refers to an overload test on 
cables in conduit, the insulation being reduced to ash but still 
operating. I recently came across a case of y.r. cables in conduit 
working on medium voltage; they had been subjected to heat 
10 years previously when the premises had been on fire and 
apparently after the fire the wires had been tested satisfactorily 
and had been put back into service, but they had broken down 
10 years later and when the cables were drawn out of the conduit 
there was no insulation at all on a considerable length of the 
conductors. Obviously there had been ash there, and that had 
fallen away when the cables were disturbed, but the interesting 
point is that though this installation was in an engineering shop 
subject to machinery vibration the cables had functioned satis- 
factorily in that condition for 10 years. 

The author asks for information on instances of conductor 
breakage caused by corrosion. I do not know whether he 
wanted that for domestic premises only, but I can cite the case in 
a tannery where t.r.s. cables were run open on Cleats and a 
considerable amount of trouble had resulted from conductors 
corroding through because of the rubber sheathing and insulation 
cracking where it was deformed by pressure under the porcelain 
cleat, and through the cracks the corrosive atmosphere was able 
to attack the conductor. 

The “Loop Testing” section is very interesting, although in 
Fig. 1 I am very sorry to see that the illustration of the socket 


shows the earth line neutral terminals in wrong positions; in a 
clockwise rotation they are shown as earth-neutral-line which 
is a contravention of The Institution’s Regulations. 

Tables 3 and 4 are particularly interesting, and I wonder 
whether they point to the unsatisfactory results of earthing to 
water pipes. Table 3 shows 13 tests, 11 of which are water-pipe 
earthing and only 2 of these were satisfactory, one of these being 
very doubtful. Table 4 shows better average results and the 
analysis of these is interesting. The method of earthing in 4 
instances is cable sheathing and out of these 3 show satisfactory 
results. There are 9 tests with water-pipe earthing and 3 of these 
are satisfactory; of the 9 tests with electrode earthing only 2 are 
satisfactory; 8 tests have uncertain earthing and 4 are satisfactory, 
the uncertain methods of earthing apparently being better than 
the water pipe and electrode earthing. 

I think it is fundamentally wrong that such an important 
function as the earth-return path should depend on a water 
system in which electrical continuity does not form part of its 
design or purpose, and the operatives who work on it are usually 
not au fait with the needs of electrical continuity, nor can they 
be expected to be; they are concerned with supplying water. I 
think in this matter the electricity supply industry should stand 
on its own feet and provide a complete electric supply system 
including earth-return path. It is not sufficient to provide live and 
neutral conductors and then in effect tel] the consumer that the 


248 | DISCUSSION ON “DOMESTIC ELECTRICAL INSTALLATIONS—SOME SAFETY ASPECTS” 


earth can be picked up at the substation. There is no doubt that 
supply authorities are becoming aware of their responsibilities 
and are permitting the use of supply cable sheaths for earth 
return, but usually only when other forms of earthing are not 
available, and usually asking for an indemnity. In this area the 
supply authority proposes on new services to provide a terminal 
block to which the consumer will connect his earthing system, 
and wherever practical the authority will connect this terminal 
to the service cable sheath or aerial earth wire. When the con- 
sumer’s earthing system is satisfactory the authority’s earth 
is additional protection, but when the consumer’s earthing 
system is not satisfactory an indemnity is asked for. 

Mr. W. B. Parkinson: Referring to Table 1 I would like to ask 
the author if the figures given for wire and cable include acces- 
sories and control equipment; if so, before we draw any con- 
clusions about the effect of wear and tear, we must eliminate from 
these figures the fires due to the use of new materials and tech- 
niques, of which I am sure there were quite a number during the 
years quoted. 

It seems to me that two possible fire dangers can arise from 
the use of cartridge fuses, first the fuse gear being designed for 
the small cartridge links will lack the breaking capacity needed 
to clear faults when fitted with wire links, and secondly, while 
quite rigorous tests using brine have failed to produce tracking 
on some materials, the spraying of hot metal from a wire fuse 
invariably does so and may result in a most damaging fire. 
Would it be reasonable to require a general provision in fuse 
gear for the accommodation of both cartridge and alternative 
wire fuses? Some manufacturers already do this. The important 
fact here, I think, is the cost of replacing cartridge fuses. 

The author has given most interesting information on thermal 
protective devices. I wonder if there is a suitable type which 
could be incorporated in a socket-outlet. I ask this because 
I think it would be of the utmost value in cases where the cable 
is insulated with polythene or other plastic medium. 

Some of these thermal devices are highly efficient and capable 
of performing a duty which is high in relation to their current 
rating. This applies particularly to the current-operated thermal 
devices. I wonder if the author has given any thought to the 
possibility of using such devices in the place of fuses for the 
protection of sub-circuits. These at least have the advantage of 
preventing over-fusing of such circuits, and incidentally they may 
be economical in comparison with cartridge fuses. 

Mr. H. C. Nicholls: I have tried to break down, as requested in 
this paper, the causes of fires under the heading ‘Wires and 
Cables,” and as from the paper I take it that the item “Other 
Apparatus” includes fuse boards, switchgear, etc., I have broken 
down fires under these particular headings as follows: 

In the last few months, roughly speaking, 69 fires, out of 
about 150 attended, would be classified as coming under the 
headings “Wires and Cables” and “Other Apparatus,” yet 
although the wiring and fittings may have been found to be badly 
damaged, in 33 cases the cause of fire could be attributed to an 
extraneous cause. 

Faulty hearths and defective chimney flues, etc., accounted for 
11 of these cases, while 21 were due to “dropped lights” (cigar- 
ettes and matches). 

An unfortunate number of fires were caused by gas pipes 
becoming ignited where in contact with an earth wire. Further 
investigation of these 12 cases is being made to ascertain if the 
installation fault primarily responsible was in any way associated. 
with the age of the installation. 

Two fires were caused by flexible cords becoming ignited after 
being saturated by rain percolating through defective roofs. 

On the other hand, the number of fires caused by short-circuit 
faults was only 4, in one case ascribed to the fact that cables 


were drawn very tight over the sharp edges of a brick, and in 


another case a conduit elbow out of joint had allowed the sharp | 


conduit edge to cut through the cable insulation. 


Loose connections accounted for 8 of these fires and one | 
wondered whether fires from this cause are more prevalent in| 
areas where there is heavy traffic and machine vibration than in | 
residential areas. The current trend to install Bakelite fittings 
in houses is already telling its tale; for 5 fires were caused by | 
Bakelite trouble, tracking, etc. A well-known maker of fuse | 
gear uses a very poor mixture for Bakelite manufacture, and a lot | 


of trouble has been experienced from this particular cause, slight 


tracking or a loosened connection leading to almost complete | 
combustion of the fuse gear. Another well-known manufac- 
turer sells an excellent switch in all points except for the fact that | 


the main terminals, which are designed to take heavy cables, 
have insufficient anchoring, and under cable strain, the switch 


mechanism is forced out of alignment, causing arcing which often | 


results in a breakdown of insulation. 


We in Liverpool cannot make periodic inspections of all 
installations; but we have to inspect installations where there is | 


a change of tenancy or where we propose to change the supply, 
and these inspections suggest that many old installations are 


standing up very well, many should be rewired right away and | 
many installations hardly 5 years old are not to be compared | 


with old installations as regards quality and condition. 
Mr. H. J. Fraser: It seems to me that at the present time as 
regards new installations the first effective tests are made by the 


supply authority; they ensure there is reasonable insulation | 


resistance and the polarities of the various switches and plug 
points are correct. At that stage the wiring is generally covered 
up and a good deal of shoddy work can remain undetected. 
The floorboards are down, plaster is on the walls and wiring is 
sometimes secured by nails. In one fault I came across some 
years ago the earth wire was actually in contact in places with the 
gas pipe. Of course the inevitable happened, a fault on the plug 
point, and a hole was blown in the gas pipe. Fortunately the 
resultant gas leakage was detected in time before any serious 
results occurred. I do not know whether the author will 
advocate, particularly in connection with local authority housing 
schemes, that there should be some inspection while the work is 
going on? 

The other point I had in mind was that this is one of the 
countries where anybody can operate as an electrician or indeed 
describe himself as an electrical engineer. In some of the 
Commonwealth countries there is a system of registration and 
the electrician must have some certificate of competency. Does 
not the author think it is high time we had a system of that 
sort to obviate shoddy and possibly dangerous electrical 
installations ? 

Mr. J. Eccles: If the author had excluded 1946 from Table 1, 
the trend would have been downwards instead of upwards. 
The other years are all slightly above 16°{—1950 is rather better 
than the others. 

I agree with Mr. Swann that it is impracticable to inspect all 
the old installations, and what we have to do is to protect the old 
and the new installations from the consequences of their own 
defects. 

With regard to circuit-breakers and thermal devices, may I 
enter a plea for large contacts for these devices? We all know that 
if contacts are big enough and have enough body of metal they 
have large thermal capacity in themselves and will interrupt an 
alternating current with a micro-gap. Some of these devices fail 
because the contacts are inadequate, and if the author is interest- 
ing manufacturers I should like to suggest that reliability would 
be enormously increased if they paid attention to this particular 
detail. 
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The National Inspection Council is only intended to improve 
the quality of new installations and to do it by sample testing, 
because to do otherwise would mean an enormous inspectorate 
duplicating the work of the supply authorities. By a process of 
registration of contractors who generally and continuously 
comply with certain standards, we hope to raise the quality of 
electrical installation work. 

On the question of testing new apparatus, I believe every Area 
Board has a testing house at which it will gladly test new 
devices and comment on them to the manufacturers. 


Mr. H. Norris: I was interested in Table 2, and [I still think it is 


a pity we cannot get some more details as to the causes as there 
may not be so much in it at the finish. It would be possible, of 
course, to obtain accurate information from the insurance 
companies as to every single fire, but it would be a colossal task 
because a good many are fairly trivial. 

The author asks for the opinion of engineers who have 
in some way been concerned with the upkeep of the older 
installations in use, etc., and whether age increases the electrical 
fire risk. May I suggest from my own experience that age does 
not necessarily create fire risk. 

I cannot bring forward anything particularly useful as an alter- 
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native to inspection except the suggested protective devices. As 
regards the ordinary domestic consumer, he, of course, wants 
protecting against himself because what is easier than to go into 
a shop, buy any number of appliances and plenty of wire and if 
something goes wrong the fuse will blow. If in the event of 
fatality there was some serious penalty in the case of such a 
consumer there might be a different story. 

The author expresses some doubt whether many consumers 
would crawl regularly into the cupboard under the stairs to press 
the test button of a combined unit or any other form of circuit- 
breaker. That brings me to another point, namely that the 
repositioning of the ordinary domestic consumer’s service should 
be considered. It is an obvious need; also the finish at meter 
positions in many hundreds of cases is far from good. 

As regards appliances, I would inquire whether in the author’s 
opinion there is any merit in having a testing house certificate 
attached to each appliance before sale—similar, say, to the 
American practice where the Underwriters’ Laboratories label or 
grade various appliances. 


[The author’s reply to the above discussion will be found on 
page 252.] 


WESTERN CENTRE, AT BRISTOL, 8TH DECEMBER, 1952 


Mr. G. L. Leighton: The author has referred in particular to 
the electrical risks in domestic premises, but I would like to 
suggest that the smaller type of factory bears many resemblances 
to a domestic establishment in its electrical arrangements. 
There is, however, one important difference in that there is 
statutory right of entry for inspection into premises subject to 
the Factories Act, whereas no such right exists for domestic 
premises, and inspection is therefore often a difficult matter. I 
have myself had considerable experience of inspecting these small 
factories, and I would like to support the point made by the 
author in Section 3 of the paper regarding the extreme difficulty 
of making a thorough inspection of the electrical installation in 
most types of building. A complete inspection and test could 
in fact hardly be carried out without considerable dismantling 
of the building, and more expenditure of time than is usually 
feasible. 

In connection with small factories in country districts, I have 
been particularly interested in the author’s remarks on sensitive 
earth-leakage circuit-breakers, and have tested many such in- 
stallations by the acid test of applying a fault to the system. 
There have been many occasions on which the sensitive earth- 
leakage breaker was non-operative, and the reasons for this can 
J think be stated under three headings: 

(1) Failure of the earth-leakage breaker itself, due to lack of 
maintenance. 

(2) Accidental disconnection or breakage of the earth con- 
nection for the voltage coil. 

(3) Accidental short-circuiting of the voltage coil by fortuitous 
earth connections. 

Presumably all these earth-leakage circuit-breakers were in- 
stalled on these small premises either on the instruction or 
recommendation of the electricity supply company or authority, 
possibly many years ago, and before the present authorities were 
set up. It would therefore be interesting to consider who should 
be held responsible for the maintenance in good condition of 
these devices, on which the safety of the consumer so greatly 
depends, and the purpose of which he so little understands. 

Mr. D. G. Ashford: Care should be taken to avoid the risk of 
fire when connecting immersion heaters, especially those fitted 
in airing cupboards. 

A faulty connection between resistance wire and an internal 
terminal can be the cause of overheating. Heat developed due 


to arcing is likely to travel along the external conductor and this 
may be sufficient to ignite rubber-covered conductors. 

Mr. R. G. Sell: The author has dealt with wiring and appliances, 
but does not refer to fittings such as lampholders and socket- 
outlets. Dimensions must necessarily be small, but I think 
makers should pay more attention to securing maximum clear- 
ances and to use of materials suitable to resist tracking under 
conditions where moderate degrees of condensation and/or dust 
deposition are likely to occur. This was recently brought home 
to me forcibly in my own domestic installation when a tracking 
failure to earth on a British Standard 13amp socket destroyed 
the fitting and as the ring-main circuit fuse failed to give pro- 
tection the arc had to be blown out. The condensation was only 
relatively slight and fortunately someone was there so that no 
serious damage occurred apart from that to the fitting. 

Mr. R. P. Hooper: I should certainly like to endorse Mr. 
Swann’s remarks regarding earth-leakage circuit-breakers in that 
they are liable to break down under working conditions, and over 
a fairly wide rural area I have found that either they refuse to 
operate when called upon to do so by fault conditions or they 
operate much too easily when, say, moisture percolates into a 
cooker hotplate through the boiling over of a saucepan, etc. 

This generally happens when the premises are situated some 
distance from the service centre. 

Mr. G. O. McLean: As pointed out in my planning paper, this. 
country doubles its electrical sales every 74 years or, to use recent 
figures for the South West area, we have increased our sales by 
53°% in the first four years of nationalization. We are connect- 
ing at least 25 000 new consumers every year. Some allowances 
must be made for an increase in the number of accidents because 
of these phenomenal increases. 

I must stress also the fact that Mr. Swann is preaching to the 
converted, and I would like to ask him whether he has any sug- 
gestions for getting his message over to the ordinary domestic 
consumer. 

Mr. Swann has asked us to comment on the form of electric 
blanket loading, and in reply I would unhesitatingly vote for the 
adequately loaded blanket with a separate bimetallic strip incor- 
porated in a bedside control similar to the control in the thermal 
demand indicators which resets after a predetermined period. 


[The author’s reply to the above discussion will be found on 
page 252.] 
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Sir Edward Anderson: The ‘“‘ordinary consumer” in this dis- 
trict apparently thinks that if a fuse fails, he should replace it 
with a much bigger fuse. The “ordinary consumer” referred to 
by Mr. Swann is in a more advanced class. The whole question 
is, to my mind, one of a system of periodic test and inspection, 
and as far as Electricity Board inspection is concerned, I hope 
that there will, in the near future, be a national standard of 
inspection. At the moment it varies a good deal in different 
areas. 

In Table 1, I was very concerned to find that the percentage of 
fires ‘‘caused by electricity” in this country between the years 1946 
and 1950 varied between 14:5°% and 16:8°%;. When I think of 
the large number of cigarette smokers, people carrying blazing 
coals from room to room, people drying clothes in front of open 
fires, then I am astonished. J was also astonished that such a 
large percentage, approximately between 31% and 40%, are 
described as being caused by “‘wire and cable.” 

I felt it would be of interest to quote some local figures, and 
thanks to the courtesy of the respective Local Fire Chiefs for 
Stockton, Middlesbrough and West Hartlepool, I can give some 
figures. It is interesting to compare our local figures with the 
overall national position. For the years 1948 to 1952 inclusive, 
the total number of fires in Middlesbrough (excluding chimney 
fires) was 1086. Of these, 91 are assessed as being caused 
through electrical defects. This represents approximately 8-5°%, 
which is little more than half the national average. 

The figures for West Hartlepool, for the same years, are, total 
fires (excluding chimney fires) 624; total ‘electrical fires’ 52, 
or again about 84%. 

In the case of Stockton, the figures for the same 5 years are, 
total number of fires (excluding chimney fires) 392; total 
number of electrical fires 51, or about 13%. 

It seems to me surprising that Middlesbrough and West 
Hartlepool should be so much lower than the national average, 
and obviously one wonders why. Stockton is only a little less 
than the national average. 

One is bound to reflect that if the national average is 16% 
and some towns are only 8%, then other towns must be well 
above 16%. There is obviously great need for action in such 
places. 
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TEES-SIDE SUB-CENTRE, AT MIDDLESBROUGH, 7TH JANUARY, 1953 


I have not given the detailed ‘electrical analysis” , 
caused because the method of setting them out by the differen 
authorities has varied somewhat. 


I think that in Middlesbrough there are probably two main} 


reasons for our good electrical record: 


i 
(1) In about 1939, the Corporation started, and from 1948) 
onwards the Board have continued, a system of inspections in all) 


properties which change hands. Many of these are the older 
type of properties, and I think a great deal of good has resulted 
from those inspections. 
mer’s attention has been called to those points in his installation 
which constitute a risk of fire and a risk to life. 


cold water pipes. Like the author, I think that many electric 
fires arise from earth-leakage current, and that in those places 
where good earths are easily obtained the fire risk is diminished. 

| would criticize Table 2 as offering very little real information. 
The operative word is ‘‘defective,”” and it all depends, as Joad 
would have said, on what you mean by “defective.” The 
percentage of ‘‘defective’’ appears very high, but some of the 
faults may be very small. 

I am convinced that the fire risk of an electrical installation 
does increase with age, owing to the brittle insulation, and J 
think that the problem is largely that the life of a building, even 


of firesi 


Following the inspection, the consu-) 


| 
(2) The second point is that in Middlesbrough one can secure} 
an easy and effective earth throughout the town by fixing on to 


a poor building, is 100 years, and the life of rubber insulation is | 


about 30 years, or in some cases, less. 

The author raises an interesting point as to the difficulty of 
taking earth-leakage current tests. My own view is that they 
are scarcely ever taken, and it may well be that in commercial 
work they are never taken. Megger tests on the insulation 
resistance are always taken: the trouble is, of course, that in 
completely dry buildings they may be very misleading. 

I was surprised that the author’s tests proved that it was very 
difficult to set fire to certain cables under overload, but this no 
doubt accounts for the fact that relatively few buildings do burn 
down. 
evidence available, burn down. 


[The author’s reply to the above discussion will be found on 
page 252.] 


SHEFFIELD SUB-CENTRE, AT SHEFFIELD, 2iST JANUARY, 1953 


Mr. R. E. S. Fisher: Like many others I was very surprised at 
the high percentage of fires caused by electric refrigerators. As 
you know electric refrigerators are of two types, thermal, i.e. 
operated by a heating element, and motor-driven compressor. 

From what has been said about the cause of these fires it would 
appear to me that the thermal type may possibly be the safer. 
Can the author say if this is borne out in practice? 

Mr. E. J. Lilleker: At the beginning of his paper, the author 
emphasized that he was dealing with fire risks of an electrical 
installation as distinct from the shock risks. In view of my 
electrical contracting experience which has pointed to more 
accidents to personnel due to shock than to fire, I wish Mr. 
Swann had dealt with the shock risk as well as the fire risk. 
However, Mr. Swann perhaps can give us comparable figures 
for accidents due to shock and fire. 

Mr. W. Allsop: Whilst agreeing with the desirability of main- 
taining a high standard in domestic electrical installation work, 
do we, as electrical engineers, rate the fire risk too highly, since 
the insurance companies are prepared to insure premises, no 
matter how good or bad the electrical installation may be, against 
fire from any cause, at the very modest premium of £1 per annum 
per £1 000 insured ? 


In view of these seemingly very low premiums, will the general 
public ever be persuaded to incur much greater expenditure on 
remedying installations below standard without the use of 
compulsion? 


Mr. J. L. Ferns: I propose to limit my remarks to two aspects” 


of the paper. In the first place I am wondering where the 
author expects the labour to come from for his ambitious testing 
proposals. In the District I manage there are over 50 000 con- 
sumers. 
installations per day and that installations were checked once per 
year, it is clear that I should require twenty men. As these men 
would require to have certain qualities in addition to the skill of 


Assuming that an installation inspector could do 10. 


Many certainly stand which should, on the technical 


an electrician it seems fairly clear that they would not be forth-— 
coming under our present industrial set-up. Consequently, I see | 
no hope of carrying out the author’s ideas even though they are 


most excellent so far as they go. 
In the second place I wonder if the author has explored the 
use of s.e.w. (Separate earth-wire) sufficiently far. As earth- 


leakage trips and protective multiple earthing have so many 
practical disadvantages it appears to me that we ought to make 


our electrical distribution systems self-sufficient. The days have 
gone by when we could rely on water mains or substation earth 
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electrodes. It must not be thought, however, that the use of 
s.e.w. will make distribution costs much higher than they are at 
present if one bears in mind the heavy cost of trying to create a 
Satisfactory substation earth electrode—a point which the author’s 
tables amply emphasize. I have developed formulae to cover 
the three systems, and when practical costs are applied to these 
formulae the results show a gain for s.e.w. in some cases to offset 
those cases where s.e.w. is higher in cost. I believe, however, 
with the author, that cost is not the most important of the 


criteria concerned and that s.e.w. should be adopted even if it - 


does show a small financial disadvantage. 

Mr. A. Haddock: The problem of ensuring that the domestic 
consumers’ protective arrangements will operate when necessary 
becomes in practice a problem of ensuring a sufficiently low- 
resistance path to the transformer neutral point. The com- 
monest way of attempting this is to try to obtain a low resistance 
to earth on the transformer neutral point and at the consumer’s 
installation. We are all familiar with the difficulties of ensuring 
this in some cases. The important fact, in my view, is that 
although familiar with these difficulties, the electricity supply 
industry has done virtually nothing in the past 25 years to im- 
prove the situation. I suggest that the author should use his 
great experience in this matter to persuade the appropriate 
authority to issue a code of practice covering the provision of 
protective arrangements. My own preference is for fuses 
wherever practicable. They have been enormously improved 
by modern developments, so that they are now an efficient and 
safe protective device. They fail to safety and require the 
minimum of maintenance. 
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My own views are: (1) In the case of underground distribution 
networks, where the lead-sheathed underground cables can pro- 
vide a continuous metal path from consumer’s installation to 
transformer star point, the supply authority should accept re- 
sponsibility of providing, at the service position, a suitable connect- 
ing lug to which the consumer’s earthed metal should be bonded. 

(2) In the case of overhead distribution networks, a con- 
tinuous metal path in the form of an aerial earth wire should be 
provided as part of the distribution network. I feel confident 
that this is economically practicable for a great percentage of 
overhead distribution networks, and the code of practice should 
indicate the density in consumers per route mile down to which 
this method is considered the best. Again the supply authority 
should provide a connecting lug to which the consumer’s earthed 
metal should be bonded. 

(3) In those cases where development is so sparse that an aerial 
earth wire is not economically the best, the supply authority 
should provide some form of earth-leakage circuit-breaker, 
possibly with the differential feature advocated by the author. 
Since the supply authority provides the circuit-breaker, the 
supply authority would be responsible for maintenance and the 
consumer would have to be content with one circuit-breaker to 
control the whole installation. I do not think there is any serious 
objection to this. There may be room for some form of multiple 
protective earthing of the neutral intermediate between cases 2 
and 3, but I am not personally very fond of multiple earthing on 
a very sparsely developed network. 


[The author’s reply to the above discussion will be found 
overleaf. ] 


NORTH STAFFORDSHIRE SUB-CENTRE, AT STOKE-ON-TRENT, 18TH JANUARY, 1954 


Mr. C. C. Pimble: I feel that fire risk from old installations is 
likely to increase with age, owing to deterioration not only of the 
components but of the buildings themselves. I suggest the risk 
might be reduced if fire insurance companies required a certifi- 
cate certifying that an installation is in good condition, as a 
condition of renewal of the premium. Contractors’ organiza- 
tions and Area Boards could also offer an inspection service at a 
nominal fee. 

The danger of leakage current arising from unsatisfactory 
earthing is a very real difficulty. In this area the Supply Board 
will provide earthing terminals on their service cables where 
appropriate, as an alternative to the doubtful water pipe. For 
new tural systems I think multiple earthing is the best solution. 
On existing rural systems I have experimented with an air-break 
circuit-breaker at the substation operated by an earth-leakage 
trip, but the experiment was not carried to a successful conclusion. 

The device illustrated in Fig. 5 seems to offer a good solution, 
although separate earth electrodes to obtain the voltage feature 
have the disadvantage that they are liable to interference and 
require frequent inspection. In the event of a device similar to 
Fig. 5 being produced at a reasonably low price I think the 
supply undertaking might bear the first cost. 

Mr. L. Goodall: Table 1 shows that about 40% of the fires are 
caused by wire and cable and only a small number by flexibles. 
This is surprising. Does the figure include fires due to defective 
conduit or lead sheath continuity which might cause arcing when 
carrying fault current? 

Table 3 shows about 85°% and Table 4 about 60% defective 
earth loop resistances. Are these average or selected results? 
In a large number of local tests taken where the consumer’s 
installation is earthed to the water pipe, 10% were above 4 ohms 
where the substation earths were interconnected by an extensive 


cable sheath network, while 29% were above 4 ohms where the 
substations were mainly independently earthed. 

The fusing factor of 1-8 or 2:0 used appears to be optimistic; 
h.r.c. fuses generally require two or three times rated current 
to blow in one minute and three or four times to blow in less 
than 10sec. To blow in less than one minute the loop resistance 
must not exceed 3 ohms for a 30amp fuse or 1:5 ohms for 
a 30amp fuse. After allowing one ohm for the earth-continuity 
conductor, there is not much margin for two electrodes in series 
when a 30amp fuse is used. It is desirable to reduce the main 
circuit to a minimum and rely on branch fuses to clear. 

In an area liable to subsidence, cable joints are frequently 
drawn apart and the neutral conductor usually parts first. Ifa 
consumer beyond the drawn joint has a neutral earth fault on his 
installation, the out-of-balance current on the main beyond the 
fault will find its way back to the supply transformer via the 
consumer’s earth fault. Owing to the adoption of single-pole 
fusing, this current would not be interrupted and the risk of fire 
would be considerable. The double-pole circuit-breaker shown 
in Fig. 5 would deal with this satisfactorily. 

In response to the invitation in Section 10 to comment on the 
question of total interruption of supply on the occurrence of a 
fault, it is considered that the circuit-breaker should not control 
the lighting as well as other circuits. The light should not fail 
just when the housewife has had, say, a short-circuited iron flex. 
So far as possible an all-insulated circuit should be used for the 
lighting and Samp fuses which would blow in one minute with a 
loop resistance as high as 16 ohms. 

Mr. S. Scholefield also contributed to the discussion at Stoke- 
on-Trent. 


[The author’s reply to the above discussion will be found 
overleaf. ] 
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DISCUSSION ON “DOMESTIC ELECTRICAL INSTALLATIONS—SOME SAFETY ASPECTS” 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSIONS 


Mr. H. W. Swann (in reply): Knowing that many of the sug- 
gestions made in the paper are highly controversial I have been 
surprised at the large measure of support for the views expressed. 
In general, almost everybody agrees that something should be 
done by somebody else, and it is for that reason I have stressed 
the inclusive responsibility of the electrical industry as a whole 
to its non-technical customers. 

Several speakers regretted that I did not refer at any length 
to electric-shock causation, but the paper was expressly written 
to indicate the growing risk of fire as distinct from shock. 

There was widespread agreement as to the impracticability of 
starting any general scheme of inspecting consumers’ installa- 
tions, but few speakers faced the age question squarely in the 
sense that no insulation has everlasting life. My point, which 
was not widely appreciated at the meetings is that, recognizing 
the difficulties of worth-while inspection of installations, attention 
should be focused on providing automatic protection which will 
work, and on looking after it, so that when the inevitable troubles 
eventually occur they blow a fuse, open a circuit-breaker, or 
operate a thermal relay, instead of burning the house down. 

Almost every speaker who mentioned it agreed that uncleared 
earth leakage would be likely to cause fire, but there was no 
general realization of the extent to which immunity is achieved 
by the long protecting arm of coincidence. There must first 
be a fault in the insulation of the wiring, or in that of an appliance, 
which is restricted by resistance, internal or external to the 
premises, to a value less than that at which the current protective 
device will operate. If internal, this resistance must be concen- 
trated, and the J*R loss at that point must be sufficient to cause 
a hot spot reaching a temperature high enough to set something 
on fire. There must next be something to catch fire, and if there 
is not, the hot spot merely contributes towards the general 
amenities of the house in cold weather, in the same way that hot 
plugs and sockets assist an electric radiator. If fire is started, 
it must be capable of spreading (as distinct from dying out) 
and this again must occur at a time when there is nobody about 
who can see, smell, or hear. When all these conditions are 
simultaneously satisfied a call is eventually received by the 
fire brigade and the occurrence takes its place as one of the 7 000- 
odd fires per annum classified in Table 1 of the paper. Since [ 
wrote the paper the figure has gone up to 8 000, and it is a fair 
inference that the initiating factor of uncleared earth leakage 
must occur by itself on a large scale without doing more than add 
to the revenues of the Area Boards, who might take this point into 
account when considering what “‘service” they can afford to their 
consumers. 

Two or three speakers made an entirely justifiable point about 
the number of fires attributed to electricity in Table 1. In 
relation to the 13 million or so installations in the country they 
pointed out that the total number of fires recorded is only 0-06 %, 
which sounds very different from the way I expressed it—as 18 °% 
of the total fires from all causes. Jt was added that the relative 
risks should be reviewed dispassionately, and this was certainly 
the idea I had in mind when I chose the Fire Brigade statistics, 
which compare all the different kinds of risk, as the best means 
of presenting a realistic picture of the position. I agree too that 
advice given to consumers should not be offered in a way which 
alarms them, and I would point out that the paper was written 
for technical engineers and not the public at large. In the 
32 years during which I have occasionally offered advice to 
factory occupiers on electrical matters, I do not believe I have 
ever caused them alarm, but I cannot say that the converse is 
also true. 

Members at most of the discussions referred to the measures 


taken in their part of the country to reduce the earth-fault-path 
resistance, such as by earthing to cable sheath, providing direct 
aerial earth-wires, adopting relaxed protective multiple earthing | 
or reinforcing earth electrodes at supply stations or transformers. 
Little was said about the cost of these steps, although my paper 
gave a lead in that direction in Table 5, either initially or as 
regards the subsequent inspection and testing necessary to ensure 
that the conditions are maintained. The point is of some im- 
portance because this kind of expense is incurred in the interests 
of the consumer, but nobody suggested that the latter should 
pay for it, although it was thought that the cost of installing and 
maintaining a circuit-breaker as an alternative measure should 
be carried by the consumer. This is hardly a consistent attitude 
but it is certainly customary, and the paper suggested a revision 
of outlook which would take a more comprehensive view of the 
problem. Efforts to reduce the fault-path resistance are really 
directed towards providing conditions under which the supply 
authority hopes that consumers’ automatic protection will work, 
and there may be many cases where less money might be spent 
on improving the protective devices instead. The two alterna- 
tives are fundamentally related, and real “‘service” should tackle 
both with that knowledge of the conditions which is best obtained 
by making loop tests in the way advocated in the paper. 

There was considerable interest in loop-resistance measure- 
ment, and I regret that the exhibition and demonstration of the 
loop meter, with other instruments and equipment shown at the 
London meeting, could not be arranged at the Local Centres. 
This measurement is essential for ascertaining whether consumer 
automatic protection will function on earth leakage, and since 
the paper was written instrument design has been improved and 
many are being used by supply undertakings, contractors and 
local authorities responsible for public buildings, schools, etc. 
Replying to members who inquired about the conditions under | 
which loop measurement should be made, I would say that it 
should be when a consumer is first connected and subsequently 
under some scheme of “‘service” from an Area Board or “‘con- 
tractual maintenance” arranged with an electrical contractor. — 
These are new conceptions, but they are basic to automatic 
protection of any kind and therefore to measures designed either 
towards low resistance earth-fault paths or to the type and 
setting of automatic protective devices. I suppose that the use 
of a Megger insulation tester was once a new idea, but it has 
become firmly established as a present-day necessity, and it 
seems reasonable to think that an instrument which can be used 
to decide whether the consumer’s automatic protection is likely 
to work will presently be regarded in the same way. 

With respect to loop testing, several speakers gave their views 
on The Institution’s Wiring Regulations Nos. 1003 and 1005, 
which deal only with the resistance of that part of the loop 
which is on consumers’ premises. Some members thought the 
Regulations should be amended to make loop resistance the 
criterion, which is my own view, whilst others held the opinion 
that the one-ohm rule for consumers’ continuity resistance was 
satisfactory in conjunction with good earthing. Against this, — 
however, were many stories of cases where the earthing was — 
anything but “good”—amounting often to something which 
was obviously very “‘bad.” These undefined terms, however, — 
do little more than reinforce the case for measurement, which 
is surely a policy likely to commend itself to an engineer. 

Many of the views expressed were diametrically opposed. 
For instance it was said that it is difficult to sell safety—a remark 
which brought the rejoinder that it should be provided free. — 
Here again, however, the terms are undefined, and it must be 
remembered that the non-technical consumer is not in a position 
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to judge how much safety he should purchase or how much 
should be given free, or by whom, or when. He relies—because 
he must—on the integrity of the industry, and as a customer he 
is entitled to expect good advice and good service. I take the 
view that it is a mistake to think that reasoned and well-balanced 
references to electrical safety are detrimental to sales policy— 
indeed the underlying theme of The Institution’s Wiring Regula- 
tions is devoted to that subject. 

The strongest opinions were advanced about consumers who 


extend or modify their own installations, replace and stiffen. 


their own fuses, bring home and connect up new appliances and 
in many other ways incur risks of which they are presumably 
unaware. The numerous speakers on this subject did not seem 
to think there was any way of preventing this widespread prac- 
tice, and when it is remembered that many installations have in 
fact been carried out, extended and altered from time to time by 
almost non-technical tradesmen practising as “‘contractors,”’ this 
feature of the discussions did indeed present a picture which 
perhaps afforded some justification for a paper entitled “Some 
Safety Aspects.” Few of the non- or semi-technical people re- 
ferred to have any notion beyond contriving something which 
will work, and their criterion of fuse setting is something which 
will not blow on the maximum load. Thousands of installations 
have been extended piecemeal by handymen possessing no 
knowledge of the original carrying capacity of the wiring, and 
thus much insulation must have been baked, and become brittle 
material susceptible to damp and disturbance. 

In the course of the discussions references were made to the 
possibility of fire being caused by insulation faults in the neutral 
conductor which is normally not under voltage stress. Such 
faults would be dormant, possibly for long periods, but if there 
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is appreciable resistance at supply-transformer neutral-earth con- 
nections an uncleared phase fault may cause a potential difference 
across this resistance and thus voltage rise in the neutral. Under 
such conditions the dormant neutral fault would become active 
and carry some part of the load current to earth, possibly with 
risk of fire. The position would become more serious if there 
were a neutral fuse which might blow and thus cause all the load 
current to return through the fault to earth instead of by the 
conductor. There is experience of this trouble in districts serving 
the older classes of property where dormant faults may be 
common and go undetected. The current-balance-type circuit- 
breaker described in the paper would afford protection in the 
event of leakage to earth from the neutral conductor. 

A number of members supported my view that since no system 
of inspection of existing electrical installations is practicable, 
except perhaps at change of tenancy, any action taken can be only 
on the much smaller scale of trying to provide and maintain 
consumer automatic-protection capable of operation before the 
places go on fire. In the paper I have described various forms of 
fuse, voltage- and current-balance types of circuit-breaker, and 
thermal relays which are available for consumer protection, but 
speakers all recognized the necessity of servicing such devices, 
and one of them suggested they should be treated like main 
service fuses and sealed so that consumers could not render them 
inoperative. 

Taking a long-term view | think many of the points made in 
the paper and by speakers in the various discussions will assume 
more importance as time goes on, if only by the force of events. 
There was general awareness of unsatisfactory conditions, and I 
have tried to offer some constructive suggestions for their relief 
which may in the future become justified. 


DISCUSSION ON 
“INSULATION OF ROTATING ELECTRICAL MACHINERY” * 


SOUTH-EAST SCOTLAND SUB-CENTRE, 


Mr. V. P. Mackay: I was somewhat surprised to note the 
relatively high value of water absorption in glass impregnated 
with silicone, particularly since I understand that silicone is a 
water repellent. Is the water absorption due to each glass fibre 
being hollow or to silicone being hygroscopic? 

The author mentioned that the aircraft industry demands 
machines insulated to withstand operating temperatures of 
200°C. The aircraft industry is not alone in this, since coal- 
cutter motors and the like, although ordered and designed for 
continuous rating (which is really a six-hour rating for this class 
of motor), are often being used on continuous mining, Le 
operating 24 hours a day for five or six days per week, and at 
winding temperatures of between 150 and 200°C. For how long 
will the windings operate under such temperature conditions 
plus the hazards of condensation and leakage of oil into the 
stator frame from the coal-cutter reduction gear box? 

Mr. E. Jones (in reply): The values of water absorption for 
silicone-glass laminates quoted in Table 2 of the paper were 
typical of the laminates available up to the end of 1952. In my 


* Jones, E.: Paper No. 1487 M, March, 1953 (see 100, Part IIA, p. 208). 


AT EDINBURGH, 20TH OCTOBER, 1953 


contribution to the discussion on the paper by Hawthorn and 
Messentt I quoted results obtained on more modern glass 
laminates, from which it will be noted that the performance of 
the silicone-glass laminates under conditions of high humidity is 
extremely good. I doubt whether the presence of hollow glass 
filaments is important; the most important features in the 
production of a high-quality silicone-glass laminate are probably 
the method of pre-treating the glass and the laminating technique. 

Regarding the life of coal-cutter motors under the conditions 
stated by Mr. Mackay, it is almost impossible to make an 
estimate. It is assumed that the motors have class-B insulation. 
To operate such motors at a winding temperature of 200° C for 
Idng periods is bound to reduce their useful life very considerably. 
If the manufacturer knows that the motors have to withstand 
such temperatures, the insulation materials and the insulation 
design can be such as to give considerably more life than would 
be the case with normal class-B insulation. Special insulation 
would, of course, increase the cost of the motors appreciably. 

+ Hawruorn, A. N., and MESSENT, S. W.: “The Properties of some of the Newer 


Laminated Plastic Insulating Materials,” Proceedings J.E.E., Paper No. 1495 M, 
March, 1953 (100, Part IIA, p. 190). 


DISCUSSION ON 


“THE CO-ORDINATION OF INSULATION OF HIGH-VOLTAGE 
ELECTRICAL INSTALLATIONS’”* 


SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 2ND NOVEMBER, 1953 


Mr. E. Y. Hardaker: My remarks refer to the application to 
the 132kV Grid system. Over the last 13 years in the Midlands 
Division Area there has been a total of 53 outages believed to be 
caused by lightning, 50 of these being line flashovers and three 
being transformer flashovers. Except in one case where a trans- 
former winding was damaged, the damage was insignificant, and 
there were only two short interruptions of supply. Bearing in 
mind this experience, together with the low isoceraunic level in 
this country and the fact that it is standard practice to install 
standby transformer capacity at supply points, there does not 
appear to be any economic justification for the fitting of surge 
diverters on Grid transformers of the bulk-supply and inter-bus 
types. With a generator transformer, however, particularly if it 
is part of a unit-type generator, there would appear to be some 
justification for a surge diverter. A fault on such a transformer 
might cause prolonged outage of the complete unit resulting in 
increased generating costs—with a modern 60 MW set this might 
amount to as much as £5 000 per week. 

Is the author satisfied that the surge diverter will afford com- 
plete protection from a direct lightning stroke? A case has 
been experienced where the transformer winding was damaged 
even though the 26in rod-gap had flashed over. Admittedly the 
rod-gap would be slower in operation than the surge diverter, 
but the excessive damage that usually results from a direct stroke 
leads one to wonder whether any form of protection would save 
the transformer from damage in such circumstances. 

Reference is made in the paper to the testing of bushing 
insulators for power factor, and a test voltage of 88kV is men- 
tioned as being necessary for 132kV bushings. I suggest that 
this figure may be unnecessarily high, and that a lower figure of 
30-40kV may be adequate, and incidentally more suitable, for 
site testing. This suggestion is based upon the results obtained 
from recent site tests made on 132kV bushings, where the test 
voltage was about 30kY. 

Mr. H. F. Jones: The co-ordination of insulation is necessary 
on three counts: 


(a) Economy of materials. 
(b) Protection against over-voltages. 
(c) Continuity of supply. 


It is now possible to design a line for a statistically predicted 
lightning performance. In a large number of strokes to an 
overhead-line system back flashover results, which is largely the 
result of high tower-footing resistance. I believe that (c) can 
only be satisfactorily met by more attention to lowering the 
average footing resistance. 

A great deal of research has been undertaken in America on 
the actual probability of lightning striking a system, but only 
recently have such investigations begun in this country. Until 
much more information is available it will not be possible to take 
full advantage of the economies permitted by insulation 
co-ordination. 

There is also considerable scope for further research into the 
behaviour of composite insulation when subjected to short- 


* Curr, J. S.: Paper No. 1485 S, March, 1953 (see 101, Part I, p. 39). 


fronted waves, which may well permit further economies in | 
taking fuller benefit of the upturned portion of the characteristics | 


clearly seen in Fig. 1 of the paper. 


The use of surge diverters has, up to the present, been largely | 
associated with the transformer. For the higher system voltages, ! 
however, the circuit-breaker is frequently the more important | 
single unit of equipment to ensure continuity of supply, and for | 


that reason it warrants greater consideration for over-voltage 
protection. 


Mr. A. R. Parish: In Section 2.1.2 the various methods of 


neutral earthing which affect insulation co-ordination are dis- 
cussed, but an ‘“‘effectively earthed system” is defined in two ways 
which are not strictly compatible. The important point is, of 


course, that on an effectively earthed system the voltage to earth | 


of a healthy phase must not exceed 80% of the phase-phase 
voltage during an earth fault on another phase. 


{R\=R,=0-2X 


Fig. D.—Limits of ratios Xo/X, and Ro/X, for maximum line-earth 
fault voltage not greater than 80% of the line-line voltage. 


is, and if, in a particular case, it is considered desirable to 
calculate Xo, X,; and Ro, the calculation should be completed 
by computing the phase-earth voltages rather than by relying 
on approximate limitations of impedance ratios. 

A case has been recorded of a 138kV transmission line without 
overhead earth wire suffering 133 outages per 100 miles per year. 
After fitting an earth wire with 46° shielding angle this figure 
was reduced to 2:2 outages per 100 miles per year. Surely this 
is better than the “‘some improvement” mentioned in Section 2.2.2 
as the probable benefit of an earth wire. 

Can the author give an explanation of the limit of 8 hours a day 
mentioned in Section 3.1 for the operation of standard bushings 
on an arc-suppression-coil earthed system under fault conditions? 

In Section 3.3.2 the author mentions the use of transformers 
of 825kV level on a 245kV system. On this system circuit- 
breaker levels have also been reduced to 825kV, and serious 
consideration is being given to a reduction to 750kV. Bearing 
in mind that this system is in a part of the world with an iso- 
ceraunic level comparable with that in this country and that, 
in general, rod-gaps and not diverters are used for protection, 
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That is the | 
basic definition, and the one involving sequence components is | 
a very rough approximation. Fig. D shows how approximate it | 
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does the author feel that insulation levels, and consequently 
costs, might be substantially reduced in this country ? 

Dr. J. B. Higham: It is true that the a.c., d.c. and impulse 
strength of air decreases with reduced density, and therefore the 
effect should be taken into account at high altitudes. However, 
I disagree with the statement that the breakdown strength of oil 
is unaffected. 

There is evidence* that the a.c., and probably the d.c., strength 
decreases with decreasing pressure under conditions such as 
those in a transformer fitted with a breather. 
3°5% per 1 000ft suggested by the author for air would be a 
suitable allowance to make. The impulse breakdown strength 


The figure of 


of oil is probably independent of pressure, but it is possible that 
there is a pressure-dependence for oil-impregnated paper in a 
transformer. Owing to the heating and cooling cycles, gas will 
be dissolved and evolved, and bubbles may lodge on or in the 
paper, where they may initiate breakdown. The gas in the 
bubbles would have a breakdown strength dependent on pressure, 
and so, indirectly, might the whole insulation. 

Until more is known about these phenomena it is wise to 
remember that a transformer may have a reduced insulation 
strength at high altitudes. 


[The author’s reply to the above discussion will be found on 
page 262.] 


IRISH BRANCH, AT DUBLIN, 19TH NOVEMBER, 1953 


Mr. P. G. Boyd: It is stated that, owing to abnormal operating 
conditions, the normal system voltage may be exceeded for only 
a few seconds by only 20-30%. I think that is rather a con- 
servative view. In addition to the rise of generator voltage the 
long-range on-load tap-changing transformers may “‘run away 
accidentally to the end tapping.” 

In Table 2 fuse ratings are listed up to 132kV. Has satis- 
factory performance been obtained with fuses having ratings 
above, say, 5OkV? 

The author mentions the risk of the surge diverters themselves 
failing, and this is a strong argument in favour of not fitting 
surge diverters. At least one manufacturer uses protectors for 
his surge diverters, even though he claims that they are not 
inferior to those of his competitors. 

It was mentioned in the discussion that the best lightning 
protection is provided in a station by having many overhead 
lines radiating from the station. When planning a new trans- 
mission system this may be a minor factor in favour of using, 
say, three lines at 100kV instead of one line at 220kV. 

There is universal agreement that surge diverters should be 
located as near as possible to the plant they are intended to 
protect, but in order to economize in the number of diverters 
(since they are somewhat unreliable and expensive) one set 
might be required to protect, say, two widely spaced trans- 
formers. What is the longest distance the author would allow? 

There are divided opinions on the necessity of using a surge 
diverter across the neutral bushing of an unearthed transformer. 
Has the author any views on this matter? 

Mr. P. J. Tierney: Our maintenance division has been asked 
O carry out some experimental tests on the current-breaking 
capacity of 38kV air-break switches, but the manufacturers are 
yery modest regarding load-breaking capacity, and it is difficult 
‘or us to stage such tests owing to the difficulty in getting plant 
nut of commission. We intended to use the 110kV line from 
Ardnacrusha to Tralee with one 15MVA 110/38kV transformer 
ed from the 38kV system with the 110kV line switch open in 
Ardnacrusha. The transformer would be switched on the 38kV 
ide by means of an air-break switch. In effect, the load broken 
vould be the charging current of 95km of 110kV line and the 
nagnetizing current of a ISMVA_ 110/38kV_ transformer, 
mounting to 2-5MVA. However, this would be too great a 
yurden to impose upon any air-break switch, and so we have 
ejected it in favour of a simple interruption of charging current 
yn 30km of 38kV line, which would amount to 160kVA. Under 
hese circumstances, would the author expect any serious over- 
oltages? There would appear to be a movement to supplement 
ircuit-breakers by load-breaking air-break switches for voltages 
s high as 110kV, particularly owing to the cost of circuit- 

* C1LarK, F. M.: “The Role of Dissolved Gases in determining the Behaviour of 
{ineral Insulating Oils,’’ Journal of the Franklin Institute, 1933, 215, p. 39. 
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breakers. The on-load air-break switches cost approximately a 
quarter of the price of circuit-breakers. Do the authors antici- 
pate any difficulty with over-voltages when these on-load air- 
break switches are used? 

We have had difficulty in switching 38kV shunt reactors at 
Inchicore on full oil switches. The portion of the condenser 
bushing immersed in the oil was badly tracked after several 
switchings, and it was necessary to install surge diverters between 
the switch and the reactor. Since then we have replaced the full 
oil switch with an air-blast switch, and between the two we have 
overcome the over-voltage effect, but we do not know whether 
the trouble has been cleared by the surge diverters or the air- 
blast switch. 

The impulse flashover voltages for 110kV lines is given in 
Table 3 as 1 130-1 330kV for wood-pole lines. From this it 
would appear that co-ordination of insulation should start at the 
overhead line and end at the transformer windings. This would 
seem to be reasonable, since damage to overhead lines takes a 
long time to repair, involving line patrols, arrangements for 
removing the line, etc., but except with broken conductors, there 
is generally no urgency in commencing the repair. Has the 
insertion of a weak link in the line ever been tried? A method 
would be to have the poles adjacent to the stations provided with 
lower insulation than the rest of the line, and therefore they 
would act as another line of defence to the station. 

Has the author any information about electricity undertakings 
purchasing reduced-insulation-level transformers plus surge 
diverters in order to save money on capital equipment? The 
trend seems to be to purchase transformers of the full insulation 
level, have them impulse-tested, and then, after making certain 
the transformer will theoretically stand up to all expected con- 
ditions, to erect surge diverters to make things doubly safe. 
I can see such a saving being effected in switchgear, but not 
in transformers. 

The author states that it is more serious to have a breakdown 
on the switchgear and busbars than on a single transformer on 
systems of 132kV and above. This is true if the more important 
consideration is the loss of the output of the station rather than 
the loss of the equipment. I believe that the loss of a transformer 
is the most serious one which can be incurred. Switchgear can 
often be bridged or replaced in a very short time. The loss of a 
transformer can be felt for a very long time. Interconnection and 
transfer of load, if possible, can, of course, counteract the loss 
of a transformer. 

Mr. A. Burke: The clearances given in Table 13 are presumably 
based on a bad case, and hence are unnecessarily large for most 
positions. 

Manufacturers have succeeded in continuously reducing the 
size and hence the cost of transformers, switchgear, etc., while 
maintaining and even improving the performance. It seems 
that there is a need to determine and tabulate more precisely the 
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relation between the breakdown values of air clearances under a 
variety of typical conditions so that similar economies can be 
made in space and structures. Can the author give impulse 
breakdown values for the following or similar cases ? 

(a) Between parallel circular conductors, with remarks on the 
influence of stranding, radius, and the presence of other 
conductors. 

(b) Between two straight circular conductors, one being in a 
plane at right angles to the other. 

(c) Between the heel of an angle iron and a bent circular con- 
ductor in a plane at right angles to the angle iron, with remarks 
on the influence of the radius of curvature, the direction of 
curvature, and the position (vertical or horizontal) of the angle 
iron. (This case arises when jumpering under a cross-arm or 
around a mast.) 

(d) Between a circular conductor and a plane to which it is 
parallel, with remarks on the influence of 


(i) Direction (vertical or horizontal). 

(ii) The substitution of an open-link mesh for the plane, or the 
presence of continuous projections from the plane (such as the 
flange of an angle iron) or of localized projections (such as a bolt 
head). 


Mr. H. Montgomery: I am interested in the protection of 
small single-phase rural transformers on unearthed 10kY lines. 
There are about 15 000 of these transformers of 3, 5 and ISkVA 
capacity in commission, and when the rural electrification scheme 
is complete we expect to have 50000. All these transformers 
are purchased to impulse-tested designs, but it was noticed that 
some designs withstood lightning better, although all the designs 
had passed the same impulse tests. It was thought that this was 
probably due to the type of bushings used, which permitted 
external flashover rather than failure of the windings. As a 
result, all transformers are now fitted with rod-gaps to allow 
flashover below the 95kV impulse-test value. The basic insula- 
tion levels of a representative transformer obtained on impulse 
test are as follows: 


Rod-gap 7TOkV 
Bushings 120kV 
Windings better than 150kV 


Unfortunately, we still get failures as a result of lightning. 
During 1952 there were about 80 failures out of a total of about 
12 000 transformers in commission. In some cases the gaps 
have been effective and transformers are reported as being still 
in commission although the tips of the rod-gaps are burned away. 
We should like, if possible, to reduce the number of failures; 
however, the percentage is small and it would not be economic 
to spend more money on protection. Can the author give advice 
on what further protection could be economically adopted? 
No values are given in Table 4 for anything under Sin. The 
gaps we are using to give 70kV flashover on impulse tests are 
a single gap of 3in or two lin gaps in series. 

Mr. W. P. Leech: I query the assignment of a 650kV break- 
down level (as shown in Fig. 1) to the internal insulation of 
transformers designed to a 550kV withstand level and proved 
only to that level for full-wave impulses. I regard it as unsafe 
to base insulation co-ordination on a 50°% breakdown value for 
the transformer of much more than 550kY. 

Regarding surge-diverter tests, some test should be specifiedas 
an assurance of the diverter’s ability to handle switching surges, 
since these may represent a more severe duty than the standard 
10/20 microsec wave. 

In spite of what has been said, surge diverters are not neces- 
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sarily the answer to surge problems, particularly on arc- 
suppression-coil earthed systerns and in low lightning areas. 

They are expensive, their characteristics may be adversely 
affected by accumulation of moisture or leakage of gas, and they 
cannot readily be examined. The rod-gap, on the other hand, 

is very simple, it is cheap and it is open to visual inspection. 

Its main disadvantages on an extinguished system are its poor 
voltage/time characteristic and its polarity dependence. The 
former can be overcome by shielding a section of incoming line 
to prevent waves of more than a certain steepness from reaching 
the transformer; even with surge diverters this might be advisable, 
in order to limit the discharge current to a safe value. The 
question of polarity dependence on large gap spacings could 
probably be largely overcome given some co-operation from the 
manufacturers. Several factors which influence polarity 
dependence are subject to control, e.g. the closeness of the 
tank cover to the lower electrode, the shape of the electrodes, 
the closeness of the through conductor in the bushing, etc., and 
it should be possible to control these factors to such an extent as 
practically to eliminate this disparity. One Continental switch- 
gear manufacturer has, in fact, succeeded in doing this, but in 
general, transformer manufacturers do not appear to have 
devoted a great deal of attention to the problem. Manufacturers 
are ready to insist on maximum rod-gap settings (frequently 
based on figures for an ideal rod-gap in the horizontal plane, 
and far removed from extraneous influences). They should do 
some work on the development of rod-gaps which are virtually 
independent of polarity, so that transformers could be supplied 
with properly co-ordinated rod-gaps which would not flash over 
for switching surges below an agreed amplitude. 

Dr. R. C. Cuffe: The principle of basing protective levels of 
systems of 52kV rating and above on the residual voltage 
corresponding to 5kA arrester discharges appears to be more 
or less generally accepted, and there seem to be good grounds 
for not taking larger discharge currents. For systems with lower 
rated voltages, the proposal to take the much higher value of 
20kA seems technically not so easily justifiable. 

First, can the author state whether field records of arrester 
discharge currents from such lower-rated voltage systems show a 
higher incidence of large discharges than on _ high-voltage 
systems ? | 

Secondly, on the question of insulation co-ordination and 
lightning protection, a point often overlooked is the protective 
value of having more than one line connected to a busbar; this 
refers especially to transformers. The parallel paths for lightning 
surges substantially reduce the surge voltages impinging on the 
transformers. Frequently on lower-voltage systems a number of 
lines are fed from the same busbar, and hence an insulation level 
based on SkA discharges should be adequate. 

The contention in Section 2.3 that, for strokes occurring very 
near to the station on lines without earth wires, the entire current 
of the stroke may have to be discharged, is rather hard to follow. 
The author mentions in Section 2.2.2 that the current of a stroke 
divides and flows in each direction along the line. This would 
appear to hold good in all cases. 

The spacing given in Table 13 appears to be excessive; in 
Ireland for many years some stations on the 110kV system 
(arc-suppression-coil earthing), having incoming lines without 
overhead earth wires, have been successfully operated with 
minimum clearances as low as 39in. Even with these low 
values no trouble has been experienced from flashover. 


[The author’s reply to the above discussion will be found on 
page 262.] 
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NORTH STAFFORDSHIRE SUB-CENTRE, AT STAFFORD, 18TH DECEMBER, 1953 


Mr. S. E. Newman: In addition to lightning strokes, insulation 
is subjected to internally produced over-voltages, and in Section 
2.2.1 the author gives some over-voltage factors. Transformer 
and line-switching tests have recently been carried out at West 
Melton on the B.E.A. 275kV section between West Melton and 


Staythorpe, and the maximum over-voltage factor obtained was 
a little over 2. 


Referring to Section 3.3, where a cable is connected to an - 


overhead line, wave reflection takes place at the ends of the line 
and cable, and the possible over-voltage at the end of the cable 
is dependent upon the cable length. Can the author give any 
guide as to the minimum length of cable which should be 
employed? 

Referring to Section 3.3.1, I think the author will agree that 
where a diverter is mounted directly on a transformer the figure 
of 30kV can be disregarded, since this is intended to cover the 
voltage drop in the dropper connection and earth leads. 

In Section 3.3.2 mention is made of a 900KV insulation level 
on a 245kV system. The Bonneville Power Authority are now 
using 825kV circuit-breakers on their 220kV (nominal) system. 

Referring to Section 3.6, a transformer failure can result in a 
far more prolonged and costly outage than a busbar flashover in 
air, and for this reason it is common practice to mount surge 
diverters at, or preferably on, the transformer. Onan effectively 
earthed system it is permissible to use a lower insulation level 
both for switchgear and transformers, provided that the over- 
voltage protection is correctly selected; surely the argument for 
a lower insulation level on the transformers than on the switch- 
gear is the relatively large saving in cost of the transformers 
as compared with the saving which may be possible on the 
switchgear. 

In the second paragraph of this Section is not the word ‘‘may”’ 
somewhat misleading, since a surge diverter does, in fact, give a 
Jegree of protection over a distance from it in both directions. 

Mr. D. H. Ryder: Fig. 1 shows various breakdown-voltage/time- 


lag characteristics. In practice, each curve has a certain amount 
of scatter as well as a change owing to atmospheric conditions. 

In Sections 3.5 and 3.6 it is suggested that switchgear, trans- 
formers and transformer bushings should have graded strengths 
within the substation, the transformer bushings being the weakest 
and the switchgear being the strongest. In view of the scatter in 
Fig. 1 and also the possible change of transformer strength with 
time, I consider it more realistic to reduce the number of insula- 
tion levels to a minimum, so that the discrimination between 
levels is increased. 

If it is required to discriminate between points of breakdown 
in the substation when the protective rod-gap or surge diverter 
fails to limit the surge voltage, this is best achieved by installing 
rod-gaps at the transformer and switchgear terminals. The 
flashover of such rod-gaps would be much more reliable than 
that of a transformer bushing or transformer internal insulation. 
A further justification for fitting such protective gaps is the small 
margin existing between diverter residual voltages and the equip- 
ment insulation levels in the case of the highest system voltages. 

Mr. J. W. Gibson: The over-voltage requirements for fuses, 
quoted in Table 2 of the paper, can readily be met using modern 
current-limiting powder-filled h.r.c. fuses. Furthermore, it is 
characteristic of such fuses that the generated over-voltages 
decrease progressively with decrease in fault current, so that one 
has an assurance that a fuse which has been proved satisfactory 
from this point of view by breaking-capacity tests at full apparent 
power will also be satisfactory under service conditions. With 
circuit-breakers, where over-voltages occur principally as a 
result of the chopping of small currents at low power factor, it 
would appear impracticable to obtain a similar assurance on the 
basis of the usual breaking-capacity tests. How would the 
author propose to overcome this difficulty ? 


[The author’s reply to the above discussion will be found on 
page 262.] 


NORTH-WESTERN CENTRE, AT MANCHESTER, 5TH JANUARY, 1954 


Mr. E. Oldale: I am concerned only with voltages of 33kV 
und below, but the problem of the co-ordination of insulation is 
till present, as surges arise causing damage which may be less 
spectacular in its effect than at the high voltages but is still 
indesirable. The author rightly stresses the importance of the 
yhase-earth voltage which may arise and its relation to the 
yystem earth employed. In Section 2.2.1 it is indicated that with 
nternal surges on earth-neutral systems the over-voltage factor 
lid not exceed 3, and in this connection it may be of interest to 
10te that in some recent tests made by the E.R.A. on an extensive 
33kV network in this vicinity a maximum figure of 2:67 was 
ecorded. 

Most of the sources of internally-produced over-voltages are 
nentioned, but it may be noted that voltages of up to 90kV 
vere experienced on the 33kV busbars of a power station not 
ar from here on the occurrence of earth faults on the system. 
\rresters were fitted, but these have on occasions disintegrated, 
resumably owing to the characteristics of the wave which arises 
inder these conditions. 

The author states that rod-gaps, expulsion gaps or surge 
iverters may be used as over-voltage protection against lightning 
urges, but he indicates a preference for the latter. However, 
eference to Dr. Forrest’s paper* shows that with rod-expulsion- 
ap protection the fault incidence for 132 and 33kV transformers 
; 0-28 per 100, and it should be borne in mind that this figure 


* See Reference 21 of the paper. 


relates to many transformers of older designs. In America it is 
estimated that the impulse level of transformers rose between 
1910 and 1930 from 50 to 65% of the present value, and between 
1930 and 1940 to the present level without the use of more 
materials; no doubt comparable figures could be produced by 
British manufacturers. 

The author states that expulsion gaps are not considered to be 
adequate protection for transformers other than those rated at 
15kV or less, which appears to conflict with a statement by 
Dr. Forrest that expulsion gaps protected by porcelain shrouds 
were standard protection on the British Grid for 33kV trans- 
formers. Presumably the provision of such a porcelain shroud 
would make the unit almost as expensive as a diverter, and it 
would therefore be preferable to use the latter, which does not 
suffer from the limitations of the expulsion gap. 

On distribution systems there is a tendency to use unearthed 
construction on overhead lines for voltages up to 33kV, utilizing 
wood-pole supports in preference to steel towers. Doubtless 
such lines are subject to induced lightning surges rather than 
direct strokes, but the impulse level of such lines is much higher 
than the steel-tower line, and unless steps are taken to protect 
terminal apparatus considerable damage may result. It is my 
experience that where arresters are not fitted the cable from the 
sealing end is frequently punctured below the wipe, no doubt 
owing to slight drainage of compound. 

On 11kV lines, however, it is not economic to fit diverters at 
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each transformer position. Duplex gaps are fitted on pole- 
mounted transformers, and on the occasion of a flashover a fuse 
blows. The replacement of such fuses is, however, expensive in 
time and material, and the present tendency appears to be to 
fit one set of diverters to cover a number of pole-mounted trans- 
formers; it is anticipated that this will reduce the number of 
blown fuses appreciably. 

Difficulty arises in obtaining data relating to the operation of 
arresters, and the provision of surge counters was relatively 
expensive in the past. However, a new and cheaper unit, based 
on the klydonograph principle, has been developed recently; 
it indicates not only the frequency of operation but also the 
magnitude of the surges dealt with. 

Table 9, which is based on the peak value of over-voltages 
arising from high-voltage fuse operation, is of interest when com- 
pared with B.S. 116: 1952, particularly for 3-3kV cable. It 
would appear that if the values in the Table are based on correct 
premises, the figures in B.S. 116 are in need of revision. 

On the Continent it is the practice to stipulate that the 50c/s 
test voltage shall be a fixed proportion of the impulse level of the 
particular gear, and I would like the author’s opinion as to the 
advisability of this provision. 

It is unfortunate that in B.S. 116: 1952 no impulse level is 
stipulated for switchgear for use at voltages below 22kV, and 
difficulty arises in co-ordinating insulation levels at these voltages 
Does the author think it desirable that impulse levels should also 
be laid down for 11 and 6:6kV switchgear? 

In E.R.A. Report Ref. S/T62 some indication was given of 
the measure of protection from lightning surges which could be 
obtained by installing various lengths of cable between an over- 
head line and switchgear. Is there any evidence to substantiate 
the figures given in this Report, and would it not be better, where 
the cable lengths are relatively short, to ignore the effect of the 
cable capacitance when considering schemes for the protection 
of the substation equipment? 

Mr. W. H. Thompson: In referring to capacitance switching 
the author states that, if a circuit-breaker opens on an unloaded 
line and no restrike occurs, the line will be de-energized, but that 
if there is a restrike, an oscillation will start at one-quarter of the 
wave frequency. Before the circuit-breaker opens the unloaded 
line is being charged at, say, J,amp. When the circuit-breaker 
has opened and the fuss of interruption has subsided, the line is 
still being charged, but at a very much lower rate, say /,amp, 
because of the series capacitance of the circuit-breaker. It is 
this sudden change from J, to J,amp that causes the system on 
each side of the circuit-breaker to oscillate at the natural frequency 
of each side. The voltage across the circuiit-breaker at any 
instant is equal to the difference in voltage between these two 
oscillations at that instant. There will be a number of restrikes 
within the first half millisecond after arc extinction, and the line 
may be left at more than the phase peak voltage, etc. 

In Fig. 1 the curves can represent only the mean values of a 
wide scatter of results. In practice, these curves would be 
replaced by a series of bands, which would overlap each other to 
such an extent that the degree of co-ordination would not be so 
precise as implied by Fig. 1. This does not mean that co- 
ordination is not possible. It is possible and desirable, but 
unavoidably it can be no more than a coarse relationship of 
values. 

Because of this practical limitation, it is surprising that so 
much controversy should exist on earth-clearance values. For 
a 132kV system the author quotes 53in. Another paper quotes 
the figure of 54in, and according to tests made at a high-voltage 
laboratory in this country, the value should be 5Sin. The Central 

e Electricity Board used a clearance of 48in or less, and no case 
has been reported of a flashover on such a clearance. I suggest 


DISCUSSION ON “THE CO-ORDINATION OF INSULATION OF HIGH-VOLTAGE ELECTRICAL INSTALLATIONS” 


that the author might agree to a compromise of between 48 and 
53in, and I support a recommendation of 50in. 

Mr. E. T. Norris: Table 10, which is the basis of the paper, 
is superficially very satisfactory, but depends upon arbitrary 
values for modern surge-diverter performance. Considering 
for example the 132kV-Grid values, the protection level of 
519kV against a basic insulation level of 550kV seems reasonably 
satisfactory. Should not the protection level take account of 
the 50c/s voltage at the instant of the surge? This may occur 
on the opposite polarity of the surge, and there is a | : 7 chance) 
of its being within 10° of the maximum value, which is not a) 
negligible risk and would increase the protection level from 519) 
to 640kV, compared with an insulation level of 550kV. 

In Section 2.3 it is stated that 4% of the strokes are over) 
5 000amp, and these are ignored. I think it would be logical 
to consider this 4°% which will do the damage, and ignore the 
96%, which are relatively harmless. If we assume lightning’ 
strokes of 10000amp the protection level increases to 710kV, 
which does not seem at all satisfactory compared with the 
550kV insulation level. 

The protection afforded by rod-gaps is not really known, 
because, unless a power arc follows—which is not probable— 
there is no indication to the operating engineer of rod-gap 
operation. Would the author suggest that with modern reclosing 
circuit-breakers, where momentary interruptions are unobjection-| 
able, rod-gap settings could be considerably reduced so as to” 
give much greater protection? i 

Mr. L. C. Richards: In Fig. 1 the author gives a number of 
voltage/time characteristics, among which are curves showing 
the estimated breakdown characteristics of a transformer having 
a full-wave withstand voltage of 550kV and a chopped-wave 
withstand voltage of 630kV, i.e. a typical 132kV transformer 
having the neutral point solidly and permanently earthed. 
Another curve shows the characteristics of a 26in rod-gap, and 
by comparison.it is concluded that, for time lags greater than 
2microsec, such a gap gives adequate protection. 

I think that the idea of designing a system of protection on_ 
the basis of the estimated breakdown of a transformer is entirely 
wrong. A transformer is designed to withstand a certain impulse 
voltage, and no figures for breakdown should be given either as 
a guide or a guarantee. The difference between the withstand 
voltage and the ultimate breakdown voltage is the designer’s 
margin, which is required in order to cover inequalities in 
materials and building factors and so ensure that the withstand 
value can always be met. 

It is interesting to note that British transformer manufacture 
have recently prepared a draft specification dealing with insulation 
levels and test procedure in which an appropriate withstand test | 
level is proposed for each system voltage. It is stated that the 
design of the system and the method of operation should be 
such as to ensure that any transmission surges which reach the 
transformer are appreciably less than the insulation test level. 
A further clause states that the amplitude of the travelling waves 
reaching the transformer terminals should be limited to a valu 
not exceeding 80% of the impulse test level of the windings, an 
that suitable protective devices should be used for this purpose. 

Curve (i) of Fig. E is curve (c) of Fig. 1 of the paper, and is the 
author’s estimate of the breakdown of the transformer. Curve (@) 
is reproduced as curve (iii) and is stated to give adequate prot 
tion for time lags greater than 2 microsec when there is a reasonable 
space between curves (ii) and (iii); but I cannot agree with this. 
since the position of curve (ii) is quite indeterminate. Curve (iii 
represents a more reliable foundation on which to base a pr 
tective system. S550kV is the amplitude of the guarantee 
withstand voltage, and 880kV is a reasonable assumption fo 
the withstand voltage at I microsec. The 80°% level to which the 
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ig. E.—Insulation co-ordination for a 132kV transformer 550kV 
impulse level. 


(i) Assumed transformer breakdown. 
(ii) Transformer withstand level. 
(iii) 26 in-gap flashover. 
(iv) 80% transformer withstand level. 
(v) 22 in-gap flashover. 


rotective gap should limit surges is shown in curve (iv), and the 
2in gap, which would itself adequately protect a transformer, 
ives an almost identical curve. My contention is therefore that, 
or the case envisaged and where the gap is the only means of 
rotection provided, it should be 22in and not 26in. 

The fact that the British 132-kV Grid system operates satis- 
ictorily with 26in gaps in no way vitiates the above argument, 
nee, first, this country is not in any sense of the word a lightning 
rea and therefore the system is not subjected to serious surge 
ynditions, and secondly, the approach lines and the substations 
emselves are well protected by overhead earth wires and 
ther devices. 

Mr. W. A. McNeill: Referring to Tables 10 and 11, I find it 
ry difficult to accept the justification for different test levels 
| Europe and America for the lower system voltages. It has 
viously been impossible to reconcile two different points of 
ew. However, British manufacturers will have to meet the 
merican standards in oversea markets, and I believe that the 
gher level will prevail. I do not see any difficulty in providing 
e required insulation level for outdoor switchgear. 

The problem is rather more complex when applied to indoor 
juipment. I agree with the author’s statement that the standard 
nin power-frequency test provides a satisfactory margin for the 
ual switching over-voltages experienced on cable networks, 
it it may well be asked, what is a usual switching over- 
Itage? It depends on a number of factors, including the 
pe and design of the interrupting device, the nature and value 
the load, and the characteristics of the circuit. It is known 
at some circuit conditions and certain types of circuit-breaker 
ty produce high over-voltages. The maximum voltage will only 
ise when these extreme conditions occur together. Even under 
se circumstances, the likelihood of the highest transient 
ltage occurring on any one switching operation is a subject 
- statistical analysis. 

Because of the number of variables it is very difficult to specify 
septance tests to cover all conditions, and it does not seem 
ssible, at present, to agree upon a Table of limiting values for 
types of circuit-breaker. There is little doubt, however, that 
nufacturers will give increasing attention to this problem. 
number of investigations have already been carried out, both 
short-circuit laboratories and in the field. From the data 


available, I agree that the maximum over-voltage factor will 
rarely exceed 3, for earthed neutral systems. 

With these considerations in mind and taking account of 
service experience, I agree that impulse-voltage tests are unneces- 
sary for equipment connected to cable networks. Unfortunately, 
however, such tests are often specified by customers. The 
problem resolves itself into a question of economics. Some 
standard designs of indoor unit may have levels as high as the 
equivalent outdoor circuit-breaker, but when allowance is made 


for the various ancillary components, such as voltage trans- 


formers, current transformers, additional cable boxes, etc., which 
may have to be accommodated on each contract, it is not always 
possible to maintain the same level. The cost of increasing the 
insulation level may be much greater than indicated in the paper, 
if due allowance is made for design and development costs and 
for the high capital cost of new jigs and fixtures. This must 
ultimately be borne by the consumer. 

Mr. A. Raven: An outstanding point in the paper is the 
recommendation that the co-ordination of insulation be made 
against the surge-diverter residual voltage as a standard. 
Whereas insulation in its many forms is subject to extensive 
specifications, the surge diverter is not yet the subject of a British 
Standard. If the author’s opinions are correct—and with 
modern surge-diverter equipment there is every indication that 
the approach is sound—it implies that there is an urgent necessity 
for a British Standard on surge diverters. 

At the lower voltages usually associated with wood-pole lines, 
and therefore a large number of insulation positions, this approach 
is not valid, except possibly for unearthed-line construction at 
33kV, where the number of earthed positions is relatively small. 
Most of these lower-voltage lines were constructed with no 
attempt at overall co-ordination of insulation, and the overhead 
lines were often over-insulated, e.g. 22kV insulators were 
common on 1ikV lines. From present-day statistics it is known 
that at least 75°% of overhead-line circuit interruptions can be 
successfully reclosed, the interruptions being due to insulation 
flashover without persistent damage. Therefore, if lines which 
were originally over-insulated have insulation flashover after 
being exposed to a soiling atmosphere, any surge diverters con- 
nected to the lines would be limited in operation, and moreover, 
line insulators designed on the basis of the residual voltage of 
these arresters would have given considerably more trouble 
under lightning conditions than the type actually used, even to 
the extent of causing breakdown of supply with the smallest of 
periodic salt deposits which can affect overhead lines at a 
considerable distance from the coast. 

The principles outlined in the paper can therefore be applied, 
subject to reliable surge diverters, when insulator cleaning can 
be organized. This normally means lines with long spans and 
therefore few insulation positions per mile, or unearthed lines 
with a small number of earthed positions, such as pole-transformer 
connections and cable-termination positions. 

Co-ordination of insulation on individual units of switchgear 
and transformers is, of course, necessary, even if it is not always 
possible to include the line insulation in an overall scheme. If 
surge diverters are used to protect these switchgear units and 
transformers, they can be used as a standard for the insulation 
levels proposed. 

Mr. J. E. L. Robinson: For the several arrangements shown in 
Fig. 1, curves (a)-(f) show the relationship between breakdown 
voltage and time to breakdown over a range of 1/50microsec 
applied impulses. In all these cases the impulse-ratio effect is 
shown by the rising nature of the curves for decreasing times to 
breakdown. Clearly, however, curves (g) and (A) are plotted on 
an entirely different basis and are in no way comparable. They 
each represent, under the conditions stated, the waveform 
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resulting from application to a surge diverter of a single 
1/50microsec impulse, and not, as in the other curves, the 
characteristics for a family of such applied impulses. If the 
author wishes to pursue the comparison of the surge diverter 
with the other devices he must do so on the basis of like charac- 
teristics. The corresponding surge-diverter curves would then 
also show a continuously rising tendency with decreasing time, 
although, because of the nature of the surge-diverter gaps, it 
would be expected that the impulse-ratio effect would be much 
less than, for example, that of the rod-gaps. 

The author cites curves (c) and (d) as being representative of 
the breakdown strength of transformers. They are certainly not 


representative of transformers as I know them. For the purpose 
of his argument it is understandable that he wishes to indicate 
something typical of the withstand level of transformer insulation. 
The curves, although not of the right amplitude, have the 
characteristic shape for transformer major insulation. However, 
they represent an over-simplification of the conditions, since they 
do not represent the strength of the axial insulation, which is the 
factor that usually determines the impulse strength of the 
transformer. 


[The author’s reply to the above discussion will be found on 
page 262.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE UPON TYNE, 22ND FEBRUARY, 1954 


Mr. J. F. Bird: Two of the main factors used by the author 
to reach his conclusions are the over-voltages which may be 
expected from h.y. fuses and the performance of lightning- 
protection tubes and surge diverters. In stressing the importance 
of these items, he has tended to overlook other factors which can 
be considerably more important. 

With regard to over-voltages, a list of values is given in Table 2 
relating to h.v. fuses. So far as I know, high-voltage power fuses 
are not generally available at many of the voltages included in 
this range. Therefore the values quoted for the higher-voltage 
ratings must either be somewhat tentative, or they must have 
been derived from voltage-transformer fuses. In neither case is 
this a satisfactory way to approach the problem of over-voltages 
produced in switching, since the phenomena involved are 
entirely different. 

With regard to the performance of protective gaps and surge 
diverters, it can be seen that curve (#) of Fig. 1 is presented as 
the voltage characteristic of a surge diverter. This must be the 
residual voltage characteristic, since the impulse breakdown 
characteristic could not possibly drop to zero in the manner 
shown. Although the residual voltage characteristic is probably 
the most important factor in assessing the protection level of 
surge diverters, I cannot accept that this alone can provide an 
adequate basis for co-ordination. The only proper basis must, 
of necessity, be a combination of the impulse characteristic 
(which is important at the shorter times) and the residual voltage 
characteristic. 

The author indicates that the impulse characteristic of rod-gaps 
is uncertain below 2microsec, and argues from this that they 
must be generally unsatisfactory for co-ordination purposes. 
I cannot accept this conclusion, at least where the higher voltages 
are involved. At 66kV and above, the author has himself stated 
that induced lightning strokes are unlikely to be a source of 
trouble. Also, where an efficient earth-wire system is installed, 
direct strokes to the lines are improbable. At these higher 
voltages, therefore, the main requirement is protection against 
switching over-voltage. These are generally much less steep- 
fronted than lightning surges (the author mentions a 20 microsec 
wavefront), and in this time range, rod-gaps can be satisfactory. 
This is borne out by satisfactory experience in this country. 

At the other end of the scale the author argues that, because 
cable networks are not subjected to lightning but only to switching 
over-voltages, impulse-tested equipment is not necessary. A case 
is presented for 50c/s testing only, based on a rather indeter- 
minate factor of 1-25 which is stated to relate the switching-surge 
over-voltage breakdown to the peak 50c/s breakdown voltage. 
This generalization is equivalent to stating that, if the insulation 
is co-ordinated at 50c/s, the performance with more steeply-rising 
voltages will also be satisfactory. In effect, it assumes that the 
breakdown characteristics of all gaps and insulation are of the 
same shape; this hardly seems warranted. Furthermore, nearly 


all types of gear installed on cable networks are liable to be 
located at some time in exposed, or at least semi-exposed, 
positions. This is a further strong argument for the impulse- 
testing of these gears. 

Mr. W. J. Brown: Since the insulation must satisfactorily 
withstand the voltage stresses which may be applied to it in 
service, it is of great importance for the designer to know, as 
exactly as possible, what the stresses are. The agreement to 
limit the maximum system voltage to the values given in Table 1 
is valuable in that it fixes one of the design parameters. 

In considering particularly bushing insulators, it is the maxi- 
mum system voltage which determines the radial thickness of 
insulation and consequently the bushing diameter; this is because 
of the vital necessity to avoid internal ionization at normal 
operating-voltage levels. The life of a bushing varies inversely 
as the ratio of the continuously applied voltage to the ionization 
extinction voltage, as shown in Fig. F. If this ratio is made equal 
to or less than unity the presumption is that internal ionization 
will never occur, and except for over-voltages, the life of a 
bushing will be infinitely long. 
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Modern design techniques enable the minimum ionizatio 
extinction voltage to be predetermined, and a method of measur 
ing the actual extinction voltage is being developed which i 
more sensitive than the present standard method, which depend: 
upon the interpretation of the power-factor/voltage curve. 

With regard to over-voltages, it has long been the gener: 
practice to design a bushing so that the external air flashove: 


DISCUSSION ON 


voltage is lower than the internal breakdown voltage. Such a 
bushing is termed. “self co-ordinated.” B.S. 223: 1931 requires 
this characteristic to be demonstrated by actual flashover tests. 
Modern ideas now being embodied in the revised edition of 
this Standard follow a different principle. It is presumed that the 
System engineer will limit the over-voltages to a predetermined 
level by means of protective devices. Actual flashover tests will 
not be carried out; instead, withstand tests will be applied in 
order to demonstrate that the impulse level of the bushing is high 


enough to withstand all surges which the protective device ~ 


allows to pass. 

Since it is presumed that no over-voltage higher than the 
impulse level can ever be applied to the apparatus, it is clear that 
it is no longer necessary for a bushing to be self-protected; 
whether it will be wise to take advantage of this is a matter 
of opinion. 

By the installation of surge diverters, adequate over-voltage 
protection can be achieved; however, there are many installations 
where, for economic reasons, surge diverters are not used and 
reliance is placed upon rod-gaps. The impulse-breakdown time 
delay of a rod-gap is longer than that of solid insulation of similar 
electric strength, and so it is clear that a steep-fronted wave may 
damage the insulation before it is chopped by the gap unless the 
electric strength of the insulation is greater than that of the gap. 

Mr. G. H. Hickling: In Section 2.3, referring to Fig. 1, the 
author discusses the relative merits of the rod-gap and the surge 
diverter as the two principal devices for over-voltage protection. 
His comparison is based essentially on the breakdown time-lag 
characteristics which are represented in the graph. A most 
important characteristic of the rod-gap so far as transformer 
protection is concerned, which is overlooked in the paper, is 
its property of generating chopped voltage waves. In the typical 
case assumed in current-impulse test specifications, chopping 
occurs from 115% of the specified full-wave test level, and it 
fakes place in a time very much shorter than the wavefront 
fime—frequently under tmicrosec. Whilst exact values which 
would be generally applicable cannot be given, an average 
ransformer will have a safe impulse test level about 50% 
greater for full-wave impulses than for chopped waves, assuming 
sufficient insulation to earth. This factor accrues in part from 
he 15% over-voltage occurring in the latter case, but mainly 
rom the severe inter-coil stresses caused by the rapid collapse 
of voltage. Surge-diverter protection, by eliminating this 
~ondition, would thus make possible a very real saving in inter- 
soil and inter-turn insulation. 

The general adoption in this country of rod-gap protection 
or transformer substations, reflected in impulse test specifica- 
ions by the inclusion of the chopped-wave test, is a factor both 
f national and international importance at the present time. 
\4t C.LG.R.E. in Paris in 1952, it was made clear that the 
najority of European countries declined, on various grounds, 
O accept any impulse test other than the 1/50microsec full- 
vave one as a commercial acceptance test for transformers, 
hopped-wave testing being restricted to research work. Only 
sreat Britain and the United States—and with some reserva- 
ions, France—accepted the complete full-wave and chopped- 
vave test. It follows that the British manufacturer is at a definite 
lisadvantage in the international market for impulse-tested 
ransformers. A decision on this aspect of British transmission- 
ystem design for the future would consequently be of value 
like to the manufacturer and to those responsible for the 
tandardization of test specifications. 

Mr. R. A. Hore: The magnitude of switching over-voltages 
jay make it difficult to use rod-gaps for co-ordination, since it 
} undesirable for rod-gaps to flash over on such over-voltages 
ecause of the possibility of subsequent power follow-through. 
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With oil circuit-breakers, the sudden pulse of short-circuit current 
through a pot full of oil is likely to result in damage. With air- 
blast circuit-breakers, if restriking continues until after the series 
isolator arm has started to open and a rod-gap flashes over with 
power follow-through, the subsequent short-circuit may cause a 
long arc to be drawn by the series isolator, which may lead to a 
busbar fault. 

Taking a 132kV system as an example, if the over-voltage 
factor can reach 3-5, this fixes a minimum setting for the rod- 
gap of about 32in (SOc/s wet value). The frequency of the 
switching surge is almost invariably so low that flashover voltages 
are substantially the same as at 5O0c/s. A 32in rod-gap has an 
impulse flashover voltage of about 530kV. It is clear, therefore, 
that if due allowance is to be made for the rather erratic per- 
formance of rod-gaps, switching over-voltage factors in excess 
of about 3-2 on 132kV systems make protection at an impulse 
level of 550kV by means of rod-gaps difficult and sometimes 
impossible. 

The protection of apparatus by lengths of cable is only 
effective against lightning strokes at a distance from the cable— 
line termination; surges originating near the termination enter 
the cable substantially without reduction by reflection at the 
junction. Therefore, if we consider the chances of lightning 
strikes to the line over, say, the first mile to be serious, this length 
of line should be shielded. 

In fact, any cable or cable system connected to overhead lines 
is exposed to lightning to the same extent as the portion of the 
line adjacent to the terminations; and the number of direct 
strokes to which the cable or cable system is exposed may be 
assumed to be approximately the same as the number of strokes 
which may be expected on, say, the first mile of overhead line at 
each termination multiplied by the number of such terminations. 

Much of the insulation co-ordination is based on the statistical 
data of transformer failures. I suggest that this should be 
presented as “the percentage transformer kVA damaged,” rather 
than as “the number of transformers damaged per hundred on 
the system.” Often the latter figure leads one to suspect that 
surge diverters should be more widely used, until one finds that 
the majority of the failures are on small pole-mounted trans- 
formers for which the cost of protective equipment would be of 
the same order as the cost of the transformer. 

Mr. D. Riach: The I|min power-frequency test voltages, 
prescribed as minimum values by the I.E.C. and listed in Table 9, 
are approximately the same as those prescribed in the relevant 
British Standards for switchgear and transformers, but are much 
higher than those given in B.S. 480 for paper-insulated cables. 
For instance, for a rated voltage of 22kV, the test voltage in 
B.S. 116 for oil circuit-breakers is 52kV, whereas in B.S. 480 
for paper-insulated cables it is only 25-5kV [36kV (peak)], 
although this is for 15min instead of lmin. Although experience 
may indicate that the cable has adequate insulation to withstand 
the maximum switching over-voltage—in this case 85kV (peak) 
according to Table 2—I disagree with the author, particularly in 
regard to cables, that the present power-frequency test voltages 
are sufficiently representative of switching over-voltages. 

Mr. G. D. Clothier (communicated): The author shows that 
it is possible to co-ordinate insulation with surge-voltage con- 
ditions upon a factual basis. This is because it is practicable with 
modern surge diverters to control the maximum stress to which 
any vulnerable insulation may be subjected. Accordingly, 
insulation design and standardization are increasingly based upon 
surge-diverter performance, and thus it follows that this work 
might be simplified if the paper could embody recent progress in 
the development of surge diverters. For example, the per- 
formance figures in Table 6 could be much improved, so that 
the surge-diverter performance level represented by curve (A) 
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of Fig. 1 could now be at 330kV instead of 420kV. As an 
example towards simplification, the maximum residual voltage 
can now be substantially the same both at 20 and 5kA, so that 
the last two columns of Table 6 become identical, and further- 
more, there is no need for the insulation designer to worry about 
a rise in residual voltage with higher surge currents. Incidentally, 
the two columns might lead one to imagine that a smaller arrester 
is suitable for station duty than that necessary for line duty, 
whereas the reverse is the case. 

Co-ordination of insulation is so much affected by any decision 
to use or reject surge diverters that reference to their other uses 


might assist in reaching conclusions. These uses include the | 
installation of surge diverters at transformers, especially up to- 
33kV, in order to minimize discontinuity of supply owing to the 
operation of fuses under transient flashover conditions in 
lightning storms, at the same time often avoiding the need for 
fuses and fuse maintenance. 

Messrs. R. Bruce and G. K. Simpson also contributed to the 
discussion at Newcastle upon Tyne. 


[The author’s reply to the above discussion will be found 
below. ] 


MERSEY AND NORTH WALES CENTRE, AT CHESTER, 15TH MARCH, 1954 


Mr. E. A. Burton: In Section 3.6 it is stated that “It is there- 
fore common practice to have a higher insulation level on the 
switchgear than on the transformers.’’ The insulation (for power 
frequencies or impulse voltages) is easier for switchgear than 
transformers. The power-frequency test voltages for bushings 
and associated switchgear insulation are usually of such a value 
that there is no difficulty in meeting the desired impulse levels. 
The insulation of a transformer is inherently more difficult and 
the power-frequency test usually lower. A transformer effectively 
designed to meet its 1min power-frequency test voltage would 
have a certain inherent impulse strength. If higher impulse 
strengths are desired, then, of course, these must be paid for; 
so that one of the economic features when considering surge 
diverters would be the difference between the cost of a trans- 
former designed to meet its power-frequency test voltage only 
plus the cost of a suitable surge diverter, and the cost of a 
transformer with additional “built in’ impulse strength. The 
higher insulation level on switchgear is due not so much to 
deliberate design as to the inherent difficulties with transformer 
insulation. 

In Section 2.3 it is stated that protector tubes are not con- 
sidered to be adequate protection for transformer insulation, 
except for distribution types rated at 15kV or less. From my 
own limited experience with porcelain-clad-type tubes, they were 
quite satisfactory at 33kV. 

I assume that the values given in Table 4 were for 1/50 microsec 
impulse voltages, and that the gaps were standard +in-square 
horizontal types. 

Table 7 gives minimum creepage distances for various voltages 
under normally-polluted and heavily-polluted atmospheres. So 
far as this country is concerned, I feel that all outdoor insulation 
should provide for heavily-polluted atmospheres. 

In Section 2.5 it is stated that under certain conditions of 
pollution appreciable leakage currents may flow over the surface 
of the insulation, and that these currents are in the nature of 
surges. The author states that these currents may affect very 
considerably the voltage distribution across the insulation. It 
could be inferred that the current surges cause non-uniform 
voltage distribution, whereas the reverse is the case. The current 


THE AUTHOR’S REPLY TO 


Mr. J. S. Cliff (in reply): As is to be expected when dealing 
with a subject which involves the characteristics of many different 
types of apparatus on which technical improvements are still 
being made, there is plenty of scope for comment and expression 
of differing opinions. These are very welcome since the subject 
of insulation co-ordination is very complex, and while there are 
certain fundamentals on which it can be based, as outlined in the 
paper, it is also necessary to take into account factors such as 
economics, local preferences in system operation, and the 
probability that the many possible causes of failure will not occur 


surges are the direct result of lack of uniformity of voltage 
distribution across the insulation. 

Mr. R. O. M. Powell: The use of capacitors in the past for the 
protection of apparatus from transient over-voltages has usually 
been restricted to traction systems and alternators, in cases where 
the windings are likely to be exposed to steep-fronted waves. 
For obvious economic reasons, the capacitances involved have 
always been small. 

The advent of the larger blocks of capacitance used in high- 
voltage shunt banks suggests that a larger measure of protection 
is automatically provided to associated equipment under certain 
conditions. This is especially valuable since the majority of 
shunt-capacitor installations occur at voltages of the order of 
11 and 33kV, and these systems are particularly vulnerable to” 
outages from transient waves. If a capacitor bank is arranged 
in star, with the neutral earthed, the impedance of the capacitors 
connected phase-earth is virtually negligible so far as any 
transient-wave phenomena are concerned. This means that, 
with wavefronts having rise times of the order that are en- 
countered in practice, apparatus located near the capacitor 
installation will be completely protected. Where the capacitor 
bank is connected in delta or unearthed star, the benefits are 
obviously not so great. Has the author any views on the pro- 
tective effects of a large capacitor bank connected in this way? 

Has the E.R.A. surge filter ever been tried out in practice? 
It is not only capable of limiting the amplitude, but also has the 
very desirable property of modifying the steepness of the 
wavefront. 

Mr. R. R. Arnold: The author’s comments relating to impulse 
testing apply mainly to type-testing at a testing station, but I am 
more interested in in situ testing. If switchgear in a substation 
has been subjected to impulses and over-voltages, one is never | 
sure whether the impulse applied is greater than the impulse 
level of the equipment. It is probably impracticable to transport 
impulse-testing apparatus to a substation, but a high-voltage [ 
inverted-type Schering bridge can be used in substations for 
measuring the power factor of bushings. Would the author 
comment on this method, and state whether such a test would | 
indicate that the bushing had retained its rated impulse level? 
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THE ABOVE DISCUSSIONS 
simultaneously. Such items do not always follow the strict 
laws of nature. 

On the question of transient over-voltages produced internally, 
Messrs. Newman and Oldale confirmed the values put forward 
in the paper. This is a difficult subject on which to obtain exact 
data owing to the large number of associated factors and the 
difficulty of deciding whether the worst combination has been 
examined. 

The over-voltage factors in Table 2 have only been taken as 
representative of the maximum values to be expected up to 33kV. 
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At higher voltages the over-voltages for fuses are less than those 
due to other-causes, so that they are no longer satisfactory as a 
basis for determining the insulation level, and are not, in the 
paper, used for this purpose, as inferred by Mr. Bird. 

Messrs. Bird and Boyd question the range of fuses available. 
The values in Table 2 were taken from a draft British Standard 
for h.v. fuses, and in fact, power fuses are available for ratings 
up to 132kV, although the majority are used at voltages 
below 33kV. 


The question of over-voltage protection inevitably raised con- - 


siderable comment. Mr. Hardaker defends the use of the rod- 
gap on 132kV transformers in this country, and for my comments 
on this, I would refer him to my reply to Mr. Lane in the London 
discussion. The reason for the damage sustained by the trans- 
former mentioned by Mr. Hardaker is difficult to state precisely 
without further detailed information, but a possible explanation, 
unless there was a very close lightning stroke giving a wavefront 
of less than 2microsec, is that a chopped voltage wave occurred, 
as mentioned by Mr. Hickling, and the transformer insulation 
was not adequate for steep-fronted waves. 

The advocates of rod-gap protection rely mainly upon the low 
incidence of lightning in this country and the fact that our 
important substations have more than one supply. Such con- 
ditions are not universal, so that it is necessary to choose as a 
basis for insulation levels at the higher voltages a protective 
device which will give satisfactory performance on any system, 
and so far, the non-linear, resistance type of surge diverter is the 
only device available at present. Neglecting the inability of the 
rod-gap to extinguish power follow current, to make it com- 
plevely suitable for protecting transformers in accordance with 
the manufacturers’ recommendations would necessitate reducing 
the gap appreciably. Mr. Richards suggests that for a 132kV 
550kV-impulse-level transformer adequate protection would 
necessitate a 22in rod-gap instead of the more usual 26in gap. 
As shown by Mr. Hore this would almost certainly result in 
xcessive operation of the gap, with the resultant tripping of the 
sircuit by the power follow current in many instances. The 
sffects of such interruptions could be minimized by using auto- 
‘eclose circuit-breakers, as suggested by Mr. Norris, but the cost 
und complication of the relay system necessary to achieve this 
vould, in most instances, be greater than that of installing surge 
liverters. 

Protector tubes overcome cheaply some of the disadvantages 


yf the plain rod-gap, and Messrs. Oldale and Burton mention - 


hat they have been used in this country for voltages up to 33kV. 
This is quite true, but as can be seen by comparing the minimum 
lashover voltages for the tubes given in Table 5 with the insula- 
ion levels given in Table 10, there is no safety margin at the 
igher voltage ratings. Furthermore, the short-circuit currents 
vhich the tubes will safely handle considerably restrict their 
pplication on the larger systems. Below 15kV these limitations 
re not so great. 

The occasional misbehaviour of surge diverters was men- 
ioned by several speakers, and this must be viewed in the correct 
erspective. Engineers appear to have very long memories 
sgarding failures, whereas the successful operation of a device 
; taken for granted and brings forth no comment. It is quite 
sasible to make surge diverters which would withstand all the 
10st onerous conditions, even if they occurred simultaneously. 
he expense of doing this would seldom be justified, so that the 
sonomic surge diverter must be a compromise based upon the 
robability of the worst conditions occurring only very infre- 
ently. The cheaper the diverter the greater is the probability 
‘failure. Bearing in mind the possibilities for misapplication 
id overloading which can occur, particularly with the smaller 
verters, it is surprising how few failures are reported. Modern 


designs are incorporating better materials, giving increased 
safety factors and ensuring longer life. Many installations using 
surge diverters and adequate earth-wire shielding are completely 
safe against direct lightning strokes, as desired by Mr: Hardaker. 
An important factor in achieving satisfactory shielding is the 
lowering of the earthing resistance, mentioned by Mr. Jones. 
Mr. Parish also gives details of the improvement which can be 
obtained by shielding. In the end, the economics of the problem 
usually dictate the ultimate solution. 

Mr. Raven points out the necessity for a British Standard for 
surge diverters. The value of this has not been overlooked either 
by the users or the manufacturers, and drafts are at present being 
discussed. The main obstacle to publishing such a Standard has 
been the fact that considerable development in the performance 
of these devices is still in progress, and discussions within the 
I.E.C. have been taking place on the subjects of rating and 
testing. As a large measure of agreement has been reached by 
the I.E.C., it should now be possible to base a British Standard 
on this work. This would include impulse-current tests to simulate 
both lightning and switching currents, as desired by Mr. Leech, 
and should do much to ensure a more consistent performance 
in service. 

The trend of modern developments is to reduce the residual 
voltages of surge diverters, as mentioned by Mr. Clothier, but 
care must be exercised to ensure that the margin in protection of 
the equipment is not obtained at the expense of the margin of 
safety of the surge diverter. The values given in Table 6 are 
typical of the performance obtainable from surge diverters used 
during the last 15 years, the service life of which has been well 
proved, and which have been shown to give satisfactory co- 
ordination with insulation levels similar to those given in Tables 
10 and 11. The lower residual voltages now available give a 
greater margin of protection on the apparatus insulation, and 
provided that these surge diverters prove, during the next few 
years in service, to have a sufficient safety margin themselves, it 
may ultimately be possible to reduce the insulation level of 
apparatus accordingly, and so achieve a further saving in cost. 

Mr. Powell rightly points out that large capacitor banks, if 
correctly connected, assist in surge protection, but their cost can 
seldom be justified on this ground alone. The E.R.A. surge 
filter, mentioned by Mr. Powell, while satisfactory from a 
theoretical viewpoint, is not available commercially because of 
the great cost of the large inductance, if made suitable for 
handling high short-circuit currents with safety, and the limited 
short-circuit performance of the expulsion gaps. 

Mr. Richards disagrees with my adoption in Fig. 1 of the 
“estimated minimum breakdown characteristic’ for a trans- 
former and proposes instead that the impulse-withstand curve 
should be used. This he shows in curve (ii) of Fig. E, which 
appears to be the same as curve (i) of Fig. A in Mr. Rippon’s 
contribution to the London discussion. At 3microsec this 
transformer will withstand only 580kV, whereas according to 
the draft British Standard it should withstand 630kV. If the 
transformer had the correct characteristic, the comparison with 
the 26in-gap characteristic would be slightly more favourable, 
but still there would be very little margin between the two curves. 
By taking the minimum margin between withstand and break- 
down values, I have shown that the 26in gap can give reasonable 
protection in special cases, as has been demonstrated by the 
performance of the 132kV British Grid. I expect that the 
transformer manufacturers allow a greater margin than I have, 
so that in practice the protection is actually better than would 
be expected from Fig. 1. 

Messrs. Robinson and Bird are incorrect in assuming that 
curves (g) and (A) of Fig. 1 neglect the effect of possible increase 
of flashover voltage owing to a very rapidly rising voltage. The 
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curve shown is a combination of flashover and residual voltage 
characteristics. Up to Imicrosec the curve follows a surge 
voltage rising at nearly 500kV/microsec, which is sufficiently 
close to the maximum likely to be encountered in service. The 
peak value of 470kV attained in curve (A) can be compared with 
the value of 800kV for a 26in gap. When the gap flashes over 
current flows and the voltage in curve (A) follows the residual 
voltage curve, which depends upon the waveshape and ampli- 
tude of the current. For this example I have chosen a SkA 
10/20 microsec wave, since the characteristics of surge diverters 
for this wave are well known and are reasonably representative 
of service conditions. In curve (g) allowance has been made for 
some separation between the surge diverter and the transformer, 
thus giving a higher initial voltage at the transformer terminals 
before flashover occurs and also allowance for some resistance in 
the earth connection, which increases the residual voltage at the 
transformer terminals. In practice, the transition from flashover 
to residual voltage would take the form of a damped oscillation, 
the frequency depending upon the inductance of the connection 
between the surge diverter and the transformer-winding 
capacitance. Curves (g) and (h) illustrate very well the advan- 
tage of connecting the surge diverter at the terminals of the 
transformer, as advocated by Messrs. Newman and Boyd. It is 
difficult in a short space to give satisfactory general guidance on 
the maximum permissible distance between surge diverter and 
transformer, as it depends on a number of factors, and details 
of the particular installation should be sent to the surge-diverter 
manufacturer for his advice. 

Dr. Cuffe and Messrs. Burke and Thompson question the 


necessity for clearances as large as those given in Table 13. 

This subject has received considerable attention by committees 

dealing with specifications, since if the users insist upon a_ 
guarantee that the clearances will withstand a specified impulse 
voltage, the worst case must be assumed pending the compilation | 
of comprehensive data, as requested by Mr. Burke, which at | 
present is not available. On the other hand, it is well known. 
that many installations have operated satisfactorily with smaller 
clearances, particularly where protective devices are used. Since | 
the paper was written, further study has shown that the values 


Table A 


Insulation-level Minimum distance Recommended 
impulse voltage for withstand minimum clearance 


given in Table A are reasonable; those in the second column | 
cover the worst possible configuration of electrodes, while the | 
third column gives values based on service experience. 
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IC boiler plant at this generating station will 
provide even more advanced: steam operating 
conditions for the British Electricity Authority. 
Drakelow ‘B’ will produce the highest unit MW 
output yet scheduled. — 


Boiler unit coupled to turbo-alternator of 120 MW has an 
output of 860,000 lbs. of steam per hour at 1,600 p.s.i. and 
temperature of 1010° F. Single stage reheat cycle raises steam 
temperature to 1005° F after expansion through H.P. turbine, 
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